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ABSTRACT

Al Louzi, Rabab Abdel Karim. Ph.D., Purdue University, May 2015. Seismic In-Plane
Response of Reinforced Concrete Frames with Masonry Infill Walls. Major Professor:
Ayhan Irfanoglu.

Field data gathered after destructive earthquakes indicate that infill walls interact with
reinforced concrete (RC) frames in buildings during an earthquake and could cause failure
mechanism different than what the frames are originally designed for. A new method to
identify the failure modes of RC frames with infill walls is developed. The method requires
only the simple geometric and material properties of the elements involved in the framewall assembly. The approach checks various possible failure mechanisms, including those
that may evolve depending on how the infill wall may fail during strong shaking, for
example, the dynamically evolved captive column mode. A new hysteresis model is
developed for RC frames with infill walls to investigate the ultimate damage state given a
ground motion. The hysteresis model is compared with data from experiments by other
researchers. The approach and hysteresis model result in estimates that agree with the
failure modes observed in the experiments. The ability of finite element modeling is
investigated to predict the performance of RC frames with infill walls. The techniques used
to simulate materials and interfaces to estimate the cyclic in-plane response of RC frames
infilled with masonry wall are presented. Results from the finite element models are in
good agreement with the experimental data.
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CHAPTER 1. INTRODUCTION

1.1

Statement of Problem

Reinforced concrete (RC) frames in buildings are often filled with masonry walls that serve
as partitions or facades. Building with RC frames and masonry infill walls are very
common in earthquake-prone countries. Field data gathered after destructive earthquakes
indicate that dynamic interaction between RC frames and infill walls in a building can alter
the performance of the structure, to the detriment or the benefit of the building. Empirical
evidence from the 2010 Haiti earthquake indicates that RC buildings with weaker structural
systems had 60% higher likelihood to sustain severe damage if the buildings had captive
columns, i.e. columns that are restrained by infill walls from deflecting freely and failing
prematurely and in a brittle manner (O’Brien et al. 2011). Under weak ground shaking the
structural frame-infill wall interaction could improve the performance of a building due to
the stiffness and strength contributed by the infill walls. However, when subjected to
stronger ground shaking such RC buildings could experience premature and brittle failure
–premature in the displacement capacity sense compared to that of the bare structural frame;
brittle because the columns fail in shear due to partial restraining by the infill walls. The
character of structural frame-infill wall interaction can change from beneficial to
detrimental with ground motion intensity and might result in collapse, for example, Fig.
1.1 show a ground story collapse of a school
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building after the 2003 Bingol earthquake. The response of the infill RC frame is governed
by several factors. These include RC frame properties, infill wall properties, mortar
characteristics, the configuration (full-height wall, partial height wall, full-bay vs. wall with
openings), aspect ratio of the wall, and ground shaking characteristics. The failure
mechanism depends on the material properties, configuration, and the loading regime as
the key parameters. However, the ultimate state of damage depends on the level of ground
motion the building is subjected to. The dynamic interaction between the RC frame and
infill walls therein requires considering the stiffness and strength degradation and the
damping characteristics of the system. Due to the complexity of modeling these properties,
predicting the nature of this dynamic interaction is a challenging task.

1.2

Objective of Study

The in-plane response of RC frames with infill walls subjected to earthquake excitations is
complex and depends on various factors mentioned in the previous section. The infill walls
alter the failure mechanism of the RC frame from flexural mechanism (design failure
mechanism) to another mechanism where columns may fail either in shear or flexure. The
shear failure mode in columns is a brittle one and it should be avoided. Columns that fail
in shear have reduced axial load carrying capacity. They may not lose their axial load
capacity totally immediately (Elwood and Moehle, 2003) but it would not be safe to
depend on the axial load carrying capacity of a column that has begun to fail in a brittle,
shear failure mode. This motivated the development of an engineering tool, like the Priority
Index developed by Hassan and Sozen (1997), that can estimate the nature of ultimate
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failure mode (brittle versus ductile) that would evolve in reinforced concrete frame
buildings with infill walls during earthquakes.

Currently, there exists no realistic hysteresis in-plane response model for an RC frame with
infill wall that accounts for most possible failure mechanisms. It is important to develop a
hysteresis model that can capture the behavior of infilled RC frames going through load
reversals. If such a calibrated representative hysteresis model is made available, the infilled
frame (i.e. one-bay first-story) can be represented as a single degree of freedom (SDOF)
system. This simplified representation would allow estimating the ultimate damage state
for a given ground shaking. The restoring force provided by the RC frame can be estimated
from the proposed hysteresis model. The ground shaking intensity at the shear damage state,
if such a damage state is found to govern the ultimate capacity of the structure, can also be
identified.

Non-linear finite element methods can be used to predict the ultimate strength and mode
of failure of complex systems. The development of calibrated models for RC frames with
masonry infill walls subjected to load reversals is still a challenging task. Such calibrated
models can be used further to perform a parametric study to account for the sensitivity of
the results to the component and interface properties. The calibrated models can also be
used to upgrade the hysteresis model of typically built infilled frames to account for
different configurations of openings.

Based on the objectives mentioned above, the following hypothesis can be stated:
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“Under in-plane lateral loading, RC frames that would have failed in flexure
by themselves may fail either in flexure or in shear when infilled with
masonry walls depending on the relative stiffness and relative strength of the
infill wall to those of the bare RC frame.”

In this study, analytical and computational analyses are done to study the in-plane response
of RC frames with masonry infill walls to load reversals. Data from RC frames, either
designed for seismic loads or not, are used for calibration and accuracy check. In designing
these structures, the interaction of infill walls with the structural system during ground
shaking were not previously considered. Several specimens tested by other researchers
were compared with the proposed hysteresis model and computational model developed in
this study. These specimens failed either in shear or flexure during cyclic or pseudodynamic tests.

1.3

Organization of Dissertation

A literature review is provided in chapter 2 in which experimental, analytical, and
computational research done elsewhere to study the behavior of infilled RC frames are
summarized. Results from most of the described experiments are used for calibration and
accuracy checks of the hysteresis model developed and described in later chapters.

In chapter 3, a new method to identify the failure mode of RC frames filled with masonry
walls is proposed. Then the development of a backbone curve for RC frames with infill
walls is presented. The failure mechanisms that result in shear failure of columns are
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presented first and a comparison with tests by other researchers is then given. The failure
mechanisms that result in flexural failure of columns are presented next and a comparison
with available tests is presented.

The incorporation of loading-unloading features due to load reversals to the backbone
curve developed in chapter 3 is presented in chapter 4. A detailed procedure that captures
all possible regimes of load reversals is given. Capturing the behavior of RC frames with
infill walls under load reversals results in a hysteresis model that can be used for simplified
dynamic in-plane response simulation. The applicability of the hysteresis model with load
reversals is tested by comparing with results from tests made by previous researchers.

The dynamic in-plane response of a SDOF model for an RC frame with infill walls to a
given ground shaking is studied in chapter 5. The restoring force is estimated at each step
by solving the dynamic equilibrium equation using the proposed hysteresis model. A
comparison with pseudo-dynamic test conducted by Colangelo (2005) is given. An
estimation of the linear viscous damping coefficient is made using the frequency domain
error index (FDE). A simplified method to estimate the shear damage state of an RC frame
with infill wall is proposed. A seismic assessment is performed to estimate the maximum
ground shaking at the shear damage state of the specimens considered in this study. The
ductility factor and force reduction factor for RC frames with infill walls are presented.

In chapter 6, non-linear finite element model of RC frames with masonry infill walls is
developed. The element discretization and constitutive models of materials and interfaces
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are introduced to capture all expected modes of failures of components and interfaces.
Results are compared with experimental outcomes conducted by other researchers. A
summary of the analytical and numerical investigation is presented in chapter 7. The
conclusions from this study are stated and a discussion of future work is given.
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Figure 1.1: A school building with ground story collapse after the 2003 Bingol, Turkey
earthquake (Irfanoglu, 2009)
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CHAPTER 2. LITERATURE REVIEW

Many researchers studied infilled RC frames experimentally to understand the performance
of these structural systems during ground motions. Often the purpose was to develop a
simple analytical model to incorporate the effects of infill walls into the design process.
Various computational models were developed to carry out parametric studies on RC
frames with infill walls. The following is a review of experimental, analytical, and
computational research on structural frames with infill walls relevant for the current study.

2.1

Experimental Research

Smith (1966) tested two series of infilled frames specimens subjected to lateral load. The
first series consisted of single story of infilled steel frames, and the second series were
composed from two stories of infilled steel frames. The infill wall had an equal height and
length and included isotropic mortar. Smith (1996) identified the parameters that affect the
lateral stiffness and lateral strength of the system as the modulus of elasticity of frame
material and infill wall, the side length of the frame and the infill wall, the wall thickness,
and the second moment of area of the frame. Fiorato, Sozen, and Gamble (1970) tested
three series of infilled RC frames; eight one-bay one-story specimens, thirteen one-bay
five-story specimens, and six three-bay two-story specimens. The effect of different
geometrical configurations of infill wall, the reinforcement ratio, and the

9
vertical load were studied. Both flexural and shear failure of columns were observed on the
one-bay one-story specimens in which the mid-story crack in the infill wall resulted in
unbraced columns to fail by shear when the column was under tension and by flexure when
the column was under compression. Shear failure was also observed at first-story columns
subjected to a tensile axial load (in multi-story specimens) where the infill wall provided
continuous bracing along its full length which resulted in shearing the column before a
major crack formed in the wall. The failure mode observed in specimens with openings
was the same as the ones without openings except for the noticeable flexibility resulting in
an obvious trend toward flexural failure. Properties of the openings affected the flexural
failure (represented by hinges) locations. The presence of openings decreased the strength
but not in a manner proportional to the reduction in infill wall area.

Leuchars and Scrivener (1973) tested three single-bay single-story frames; a bare frame, a
frame infilled with unreinforced grouted hollow bricks, and a frame infilled with reinforced
grouted hollow bricks. This study confirmed that more data were required on the behavior
of the infilled frame and the masonry material properties. Stiffness prediction based on
beam theory presented by Fiorato et al. (1970) and a diagonal strut model presented by
Smith and Carters (1969) provided a good match with Leuchars and Scrivener’s
experimental results but the strength estimation was not accurate. High ductility ratios were
estimated but the authors confirmed that severe damage was attained at these levels of
ductility.
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Klingner and Bertero (1978) tested a 1/3 scaled 1 bays 3 stories infilled RC frames as
part of an investigation of the hysteretic behavior of specially designed infilled RC frames
to severe ground shakings. The frames were subjected to quasi-static cyclic loadings. The
infill wall was reinforced and integrally connected to the confined core of the frame.
Increases in both the strength and stiffness of the infilled RC frame compared to that of the
bare frame was observed. They noted an improvement in the energy dissipation capacity
due to the addition of infill walls. Bertero and Brokken (1983) conducted a second series




composed from eighteen 1/3 scale 1  bays 3  stories of RC frames infilled with four
different types of walls, namely; a hollow clay brick wall, a hollow concrete brick wall, a
solid brick wall with welded wire fabric reinforcement integrally connected to frame, and
a light weight concrete wall. Changes in the dynamic characteristics were observed
including an increase in stiffness and strength and a decrease in period compared to the
bare frame.

Liauw and Kwan (1985) tested three series of infilled frames; without connectors between
the infill wall and frame, with connectors provided along the beam-infill wall interface only
and a 4mm gap was left between columns and wall, and with connectors between all infill
wall and frame interfaces. Models tested in the first series showed an initial lack of contact
between the infilled wall and the frame. After that, the system was loaded and the wall
became in contact with the frame along the compressive corners until a firm contact was
reached. Peak strength was reached as infill corners were crushed. Models tested in the
second series underwent inclined cracks at 45o. The peak strength was reached when the
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connections between the beam and the wall yielded. The load then dropped until a firm
contact was achieved and resulted in a gaining back of part of the strength. High stiffness,
strength, and energy dissipation were observed in the last series of models. An inclined
crack at 45o was noticed until shear failure occurred at the beam-wall connection and
crushing occurred at the corners under compression.

Schmidt (1989) tested RC frames infilled with brick walls and weak mortar along bed joints.
The mortar weakness resulted in a large amount of slipping over the bed joints and plastic
hinges at the ends of the columns. Mander et al. (1993) tested three infilled frames
constructed from a bolted steel frame and a clay masonry wall under quasi-static cyclic
loadings. The specimens were repaired by ferrocement overlays. Results showed that
enhanced ferrocement provided a marginal improvement in energy dissipation and ductility
capacity. A recommendation is given for use of such a rehabilitation in the first story where
plastic hinges are expected to occur in structural walls under earthquake excitations.

Mehrabi et al. (1994, 1996) tested 14 half-scale specimens to study the major parameters
that control the behavior of RC frames infilled with either hollow or solid concrete brick
walls. These parameters include the relative stiffness and strength of an infill wall to those
of the RC frame, the lateral load history, the aspect ratio of infill wall, the applied vertical
load magnitude and distribution, and the number of bays. In these tests, most of the
common failure modes identified by the Mehrabi et al. (1994, 1996) were observed.
Specimens subjected to cyclic loading showed an improvement on energy dissipation
capability of frames due to the presence of infill walls. However, a reduction in lateral
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strength and an increase in the strength reduction rate were observed for these specimens
when compared to monotonically loaded frames. Mehrabi et al. concluded that infill walls
improved the seismic performance of RC frames. It should be noted that adequate shear
(transverse) reinforcement was recommended by these researchers to prevent brittle, shear
failure of the columns especially when relatively strong infill walls were used.

Al-Chaar (1998) tested five, one story half-scale, non-ductile RC frames. Four of these
specimens are infilled with either a concrete masonry unit (CMU) wall or a clay brick wall.
One of the infilled frames was a single bay with CMU infill, one was a single bay with
brick infill, one was a two-bay with CMU infill, and one was a three-bay with brick infill.
The single-bay frame infilled with a CMU wall failed mainly by shear. A shear crack
observed at the top of the windward column and a shear crack formed at the bottom of the
leeward column. In the single-bay frame infilled with a brick wall, they observed a hinge
in the middle of the windward column, a hinge in the beam at the windward joint, and a
separation between the leeward column and the base because of the inability of the
reinforcement to develop resistance. The failure mechanism of the two-bay specimen was
by the formation of two hinges on the windward and center columns, shear cracking in the
infill wall, and shear cracking at the base of the leeward column. The failure of the
specimen with three bays was dominated by shear cracks in all four columns.

Colangelo (2005) tested 13 half-scale infilled RC frames. Pseudo-dynamic tests were
performed on single-bay single-story specimens designed to represent the first story in a
four story building. Each specimen was subjected to a Friuli Italy 1976 earthquake
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displacement record twice. The tested specimens belonged to three groups based on the
seismic design consideration, namely; seismic loads are not considered, seismic loads are
considered and the design complies with previous design code, and seismic loads are
considered and the design is based on Eurocode 8 (1988). Inclined cracks were observed
at the top of the columns in the frames not designed for lateral loads and had an aspect ratio
of 0.57. Increases in stiffness, peak strength, and ductility demand were found compared
to these of a bare frame.

Hashemi and Mosalam (2006) tested a one story-one bay structure (3/4 scale) representing
a segment of a five story reinforced concrete structure infilled with a masonry wall. The
changes in load path and distribution in the RC frame due to the presence of infill walls
were described. They estimated the equivalent viscous damping ratio to be in the range of
4% to 12% depending on the level of excitation.

Stavridis (2009) conducted a two phase large-scale experimental study. The first phase
consisted of four 2/3-scale infilled RC frames with different opening configurations tested
quasi-statically. He stated that the presence of openings in the infill wall affected the
behavior of the system in terms of stiffness, strength, and mode of failure. He found that
shear failure could take place when the developed struts in the solid masonry wall acted
against the RC frames. Stavridis suggested that these brittle failures could be avoided if
openings were located such that the behavior was controlled by flexure. The second phase
of Stavridis’ study consisted of testing of a three-story two-bay infilled RC frame on a
shake table. The specimen maintained its lateral strength until a drift ratio of 1% at which
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shear failure of columns occurred. It was concluded that the infill wall improved the
performance of the whole system in the range of the design earthquake level. The effect of
vertical irregularity and torsional loads encountered were not investigated in this
experimental study.

Zovkic et al. (2013) tested ten single-bay single-story specimens built at a 1:2.5 scale as a
model for the first story middle-bay of a three-bay seven-story frame. The effect of the
infill wall type on the behavior of the RC frames, designed for seismic loads based on
Eurocode 8, under lateral loads was investigated. The damage was observed to be
concentrated in the infill wall and accordingly it was concluded that the behavior of frames
designed for seismic loads was improved irrespective of the infill wall type.

2.2

Analytical Research

Polyakov (1956) was the first to model the infilled frame as a braced frame with a strut,
and quantify the width of the strut. Holmes (1961) replaced the infill wall by an equivalent
pin-jointed diagonal strut made of the same material and having a width 1/3 of the infill
diagonal length. Smith (1967) developed a method to estimate the lateral stiffness and
strength of frames infilled with homogenous walls that have no bond with the frames.
Smith’s method depends primarily on the relative stiffness of frame to that of the infill wall.

An equivalent beam model was proposed by Fiorato et al. (1970) to estimate the cracking
load of infilled RC frames. Failure mechanisms observed in their tests were classified as a
flexural failure mechanism and a shear failure mechanism. The former mechanism
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resembles the infilled frame to a beam and the failure is attained by yielding reinforcement
at the column under tension or crushing of concrete at the column under compression even
though the strain distribution is different than that in a monolithic beam. The latter
mechanism is defined as shear cracks taking place in the infill wall and separating the wall
into two pieces. They used a knee-braced frame concept to describe the behavior of infilled
RC frames after the initiation of shear cracks. This concept is based on columns braced by
a cracked wall. The short column behavior observed in their tests is also part of their kneebraced frame model. Even though the mechanism is identified as shear failure, the columns
could fail in flexure or shear.

Smolira (1973) presented an approach to analyze the response of an infilled frame to lateral
loads based on a force-displacement method. The indeterminate parameters were the forces
and linear displacements but not the joint rotations. The principle of superimposition (the
material was assumed linear elastic), compatibility (the deformations were assumed to be
small), and equilibrium using the undeformed geometry were enforced in this method. The
comparison between the proposed analysis procedure and experimental results were stated
to be difficult due to numerous parameters that control the response of infilled frames.

Liauw and Kwan (1985) proposed a plastic analysis of three types of infilled steel frames.
Based on the interaction between the frame and infill wall, stress redistribution due to the
development of cracks, crushing of infill wall, and shear failure at the infill wall-frame
interface were considered.
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Mehrabi et al. (1994) defined the most common types of failure of infilled RC frames.
Analytical methods were developed to predict the lateral strength capacity of these failure
mechanisms. In Mehrabi’s tests, the mechanism associated with the critical (i.e. lowest)
calculated strength in a given specimen compared well with the mode of failure observed
in the laboratory test.

Stavridis (2009) developed a backbone curve for infilled RC frames tested in their
experimental study to estimate the specimen behavior under cyclic loadings. In Stavridis’
model, the backbone curve features were defined in six steps. The drift at peak strength
estimation was based on a parametric computational study in which finite element models
were used. This drift was calculated in terms of aspect ratio while the drift at residual
strength was estimated as a factor of the drift at peak strength. The developed backbone
curve was compared with their tests and the results matched well for infilled frames with
solid panels The backbone curve does not include the failure mechanisms in detail. The
Loading-unloading features were not considered in the backbone curve proposed by
Stavridis (2009).

2.3

Computational Research

Linear and nonlinear finite-element (FE) models are used in modeling components and
interfaces in RC frames with infill walls. Riddington and Smith (1977) used linear elastic
finite element analysis to simulate reinforced concrete frames with unreinforced masonry
infill walls. The possibility of separation between the frame and infill and the subsequent
loss of friction along the remaining lengths of contact were considered. The influence of a
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range of parameters on the behavior of infilled frames was investigated, namely; boundary
conditions, aspect ratios, frame stiffness, beam to column connection rigidity, and multistory and multi-bay configuration. King and Pandey (1978) used the finite element method
with friction elements at the interface to model the lateral response of infilled frames. The
change in friction due to the change of normal stress or the separation at the interface was
not considered. Coarse finite element meshes were used to determine the lateral stiffness
with good agreement with experimental results.

Dhanasekar and Page (1986) constructed iterative non-linear finite element analysis to
study the behavior of masonry infilled frames subjected to lateral loading. The material
model for the infill wall included elastic and inelastic stress-strain relations and it was
capable to simulate progressive cracking and final failure of the infill wall. The model was
verified by comparing with experimental results. The model was then used to study the
influence of infill wall properties on behavior of infilled frame and it was shown that this
behavior depended on the relative stiffness of infill wall to the frame, the aspect ratio, and
the strength of the infill wall.

Lotfi and Shing (1991) assessed the applicability of representing masonry infills by
smeared-crack finite element model. A J2 plasticity model (Lotfi and Shing, 1991) was
adopted for uncracked masonry and nonlinear orthotropic constitutive models for cracked
masonry. The model outcomes were compared with experimental data. Their model was
capable of capturing the flexure-dominated behavior but not the brittle, shear behavior. A
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parametric study was also conducted to examine the influence of different modeling
parameters on the behavior of the system.

Computational models were developed by Mehrabi and Shing (1997) to simulate the
behavior of masonry infilled RC frames using smeared-crack finite elements for frame
concrete and infill wall bricks. They developed a constitutive model that accounts for
physical characteristics of interfaces to simulate the behavior of mortar under cyclic
loading. Even though their computational model could estimate the nonlinear behavior of
infilled frames at times, it failed to capture some of the failure mechanisms observed in
their tests.

Citto (2008) developed an interface constitutive model for fracture initiation and
propagation in masonry walls under normal and shear stresses and implemented it in
ABAQUS (2007). A compressive cap was included to account for crushing failure. AlChaar and Mehrabi (2008) performed numerical simulations on DIANA (v. 8.1) to
investigate the nonlinear behavior of infilled frames. The mortar joints between bricks and
frame and between the bricks themselves were modeled as cohesive interfaces to account
for shear behavior along the mortar joints. A smeared-crack model was used for frame
concrete and brick units. The results were compared with experimental outcomes. It was
shown that using interface elements in the column ends overcomes the inability of the
smeared-crack model to model the shear behavior.
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Stavridis and Shing (2010) used smeared and discrete crack models to simulate the
behavior of infilled frames. They used 51 parameters to define mortar, infill brick units,
concrete, and reinforcing bars for their computational models. Their discretization method
was unique and developed to overcome the stress locking problem associated with
smeared-crack model while modeling the shear behavior in concrete members and brick
units. They assessed the influence of material properties in their numerical results and
suggested that initial (uncracked) shear strength of the mortar had the highest influence on
results.

Koutromanos et al. (2011) demonstrated the ability of finite elements to simulate the
behavior of RC frames infilled with masonry walls. Nonlinear FE models were developed
to simulate the cyclic opening and closing of cracks, the reversible shear behavior, strength
and stiffness degradation in tensile region, and hardening–softening behavior in the
compressive region. They developed a new cohesive-crack interface model and improved
the smeared-crack model developed by Stavridis and Shing (2010) to capture the cyclic
behavior of infilled RC frames. Their FE model for the three-story two-bay RC frame with
infill walls tested on a shake table by Stavridis were able to capture the experimental
response observed. In their models, the expected shear crack initiation and propagation
planes need to be predefined manually. This approach requires a tedious calibration process
and the models needs heavy computational effort.
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CHAPTER 3. BACKBONE CURVE

3.1

Introduction

Masonry walls in a building may alter the failure mechanism of the RC frames they are
interacting with from a ductile, flexural mechanism to other mechanisms. Various
failure mechanisms of an RC frame with infill walls have been identified in previous
studies (Halder et al., 2013).

The most possible failure mechanisms are described on a single-story single-bay
infilled RC frame by Mehrabi et al. (1994) and shown in Fig.3.1. Two of these
mechanisms are mainly identified by a sliding crack along bed joint at the mid-height
of the infill wall causing partially unrestraint height leeward column with two hinges
and either two hinges or shear failure in the windward column (Fig. 3.1(a) and (b)).
These two mechanisms are observed in field. Crushing of corners of infill wall and
hinges in columns characterize the other two mechanisms defined by Mehrabi et al.
(1994) (Fig. 3.1(c) and (d)). These two mechanisms are observed by Liauw and Kwan
(1985) in infilled steel frames. Localized crushing in infill wall is observed in infilled
RC frames but it does not control the mechanism. Inclined cracks or sliding cracks
develop in the wall before the crushing mechanism occur as defined by Liauw and
Kwan (1985). The calculated lateral resistance of these two mechanism by Mehrabi et
al. (1994) never return the least lateral resistance of all mechanisms for the specimen
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that claimed to fail based on any of these two mechanisms. The last mechanism is
common and it developed by plastic hinges at the ends of the columns and sliding
cracks over several bed joints.

In this study, the most common failure mechanisms observed in the field and laboratory
tests are presented and categorized based on the failure mode of RC frame, namely;
shear failure or flexural failure of columns. For each category, the most likely failure
mechanisms that result in failure of the column are described. The shear failure
category includes two mechanisms that lead to failure of at least one column in shear
and are shown in Fig. 3.2. The flexural failure category includes three mechanisms that
cause column failure by hinging at various locations as shown in Fig. 3.3.

The first goal of this study is to identify the failure mode of RC frames due to the
presence of masonry walls, i.e. specify the category. Based on sixteen specimens tested
by other researchers and listed in Table 3.1, a practical tool for engineers is proposed
to identify the failure mode category and is described in more detail in section 3.2.
The expected mechanism for a given infilled frame and category would be the one that
gives the least resistance to lateral loads among all failure mechanisms ascribed to this
category.

The response of RC frames with masonry infill walls subjected to earthquake
excitations is complex and depends on various factors as described in chapter 2. None
of the available hysteresis models describe the behavior of these infilled RC frames. In
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this and the next chapters, a hysteresis model that captures the response of infilled RC
frames when subjected to in-plane lateral load reversals is developed. A one-bay first
story of a low to mid-rise structures is considered. Once such a hysteresis model is
available, the infilled frame can be represented as a single degree of freedom (SDOF)
system for computationally efficient dynamic in-plane response analysis. The
hysteresis model developed in this study can be used to estimate the restoring force that
develops in the structure. The hysteresis model needs to include the changes in strength
and stiffness that may occur with loading history. In this chapter, a backbone curve is
developed to provide an envelope within which load reversals might occur. Under
monotonic, unidirectional loading, the response follows the backbone curve. The load
reversal effects are described and integrated into the backbone curve to get the
hysteresis model in the next chapter.

3.2

Failure Mode Identification

In literature, descriptions of various failure modes of RC columns when infill walls are
present can be found. These descriptions are based on general definitions of the frame
and the infill wall. For example, Mehrabi et al. (1996) mention two types of reinforced
concrete frames; weak frames designed for lateral wind pressure of 26 psf and strong
frames designed for seismic zone 4. A frame gets stronger with an increase in the
longitudinal and shear reinforcement ratios, an increase in the column size relative to
the beams, and a decrease in the spacing between the stirrups in beam-column
connections to prevent brittle, shear cracks. Mehrabi et al. (1996) describe three types
of infill walls; weak, medium, and strong infill walls but give no clear definition.

23

Mehrabi et al. (1996) conclude that the stiffness and strength of the RC frame could be
improved significantly when it is infilled with masonry walls. However, the possibility
of shear failure of columns increases in a weak frame when the frame is filled in with
a strong wall. The questions that need to be answered are: How strong should an infill
wall be to be considered strong and how weak should a frame be to be considered weak
such that one could be confident in saying that columns therein might fail by shear?
Should the differentiations be made based on strength, stiffness, or some other property
or properties of the element?

Zovkic et al. (2013) tested three specimens of an RC frame designed for seismic
resistance and infilled with three types of infill walls; weak, medium, and strong walls.
The goal of the study was to investigate the behavior of frames designed for seismic
loads and with infill walls. None of these specimens failed by shearing of any of their
columns. The same question arises again, how strong should the frame be to prevent
column shear failure regardless of the infill wall?
Another approach to estimate column failure type is based on the mechanism that
requires the least lateral load.

Development of a practical tool for engineers to estimate the failure type of RC frames
with infill walls is the main objective of this study. A simple method is also proposed
in which one can check if filling an RC frame with a masonry wall might result in shear
failure of at least one column. The relative stiffness and strength of the infill wall to the
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RC frame are considered to be key parameters. These parameters incorporate the effects
of the material properties and frame-infill configuration.

The relative stiffness of the infill wall to frame is estimated based on an expression
given by Smith (1969). It is defined similar to the one used in “beam on elastic
foundation” theory (Hetenyi, 1946). The analogy between beam on elastic foundation
and the frame and infill walls is based on the similarity of representing each system by
an interacting flexure and plane stress members (Smith, 1969). The relative stiffness
and of the infill wall to that of the frame is given as:


   

  
  



( 3-1 )

where  is a dimensionless parameter expressing the infill wall stiffness relative to
that of the RC frame. is the characteristic by Hetenyi (1946) and stated for an infilled
frame structure by Smith (1969) and h is the height of frame (see Fig. 3.4).  ,  , 
are the modulus of elasticity, thickness, and height of the infill wall, respectively. 
and  are the modulus of elasticity and moment of inertia of the column. The angle
between the infill wall diagonal to the horizontal is expressed as  (Fig. 3.4).

The  parameter was used further by Smith (1969) to evaluate the contact length
between the infill wall and the columns, the lateral stiffness of infill wall, and the lateral
strength of the composite system.

The infill wall to RC frame relative strength is calculated based on the ratio of the
cracking strength of the infill wall to the total shear strength of the columns. The
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cracking strength of the infilled wall represents the lateral load required for the first
major crack in the wall to occur. The method used to estimate this load is described in
detail in section 3.3.2. The column shear strength is evaluated based on the contribution
of the concrete shear strength in addition to the yield strength provided from the
transverse reinforcement. The details of calculating the shear strength of columns are
given in the section 3.3.3.

Sixteen one-bay first-story specimens found in literature (from Mehrabi et al., 1996;
Al-Chaar, 1998; Colangelo, 2005; Stavridis, 2009; and Zovkic et al., 2013) are
investigated to develop a simple method to identify the failure mode of the frame after
it is filled with a masonry wall. Basic data about these specimens are listed in Table
3.1. The relative stiffness and relative strength of the infill wall to the RC frame for
these specimens are also listed in the same table and plotted in Fig. 3.5. A line
connecting the relative strength of three and a half and relative stiffness of zero to
relative strength of zero and relative stiffness of five is found to be a boundary between
shear failure and flexural failure in columns. In order to present a simplified tool to
define the failure mode of RC frames due to the presence of infill walls for engineers,
a solid line connecting the relative strength of five and relative stiffness of zero to
relative strength of zero and relative stiffness of five is found to present an upper
boundary between shear failure and flexural failure in columns. In most of the
specimens that fall below this boundary line, flexural column failure is observed. In all
of the specimens that fall above the boundary line, at least one column failure by shear
is observed. In Fig. 3.5, two specimens lay below the solid boundary line but are
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identified by shear failure; one was tested by Colangelo (2005) and the other was tested
by Al-Chaar (1998). The failure pattern of the specimen tested by Colangelo (2005)
was not mentioned explicitly and no photo was provided. A sliding along an inclined
crack in the column was stated and a drop in lateral strength as much as 40% was shown.
Based on these reasons, herein it is assumed that a shear failure had taken place. The
second specimen of Al-Chaar (1998) was very close to the boundary line and shear
failure was clearly identified from the specimen photo.

A more conservative boundary between relative stiffness and relative strength
combinations resulting in flexural or shear failure modes can be set using the dashed
line connecting relative strength of four and relative stiffness of zero to relative strength
of zero and relative stiffness of four. Accordingly, a simple relation is proposed to
separate the flexural failure mode and shear failure mode regions in RC frames with
infill walls:
    

( 3-2 )

where  is the relative stiffness of the infill wall to RC frame and  is the relative
strength of infill wall to RC frame. It should be noted that the bare RC frame fails in
flexure.

3.3

Backbone Curve for Shear-Critical Infilled RC Frame System

A piecewise-linear backbone curve is proposed for RC frames with masonry infill walls
and vulnerable to fail by shear in at least one of its columns. Five segments of the
backbone curve are identified as shown in Fig.3.6. The thresholds for these five
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segments are described in detail next. The geometry and loading details of the generic
RC infilled frame used deriving the backbone curve are shown in Fig.3.7.

3.3.1

Yield strength and yield drift

This is the threshold where the first decrease in stiffness occurs as a result of minor
cracking in the infill wall and the frame as well as partial separation of the frame and


the infill wall. The lateral force at this level of loading is estimated as    
(Stavridis, 2009) where  is based on estimation given in next section.
The drift at this level of loading is calculated as:


  



( 3-3 )

where  is the initial stiffness developed by Fiorato et al. (1970) based on modeling
the infilled frame as a cantilever composite beam that incorporates the shear and
flexural stiffnesses provided by the infill wall and the RC frame. It is expressed as:
 





 

( 3-4 )

where
 

 

 

 





( 3-5 )
( 3-6 )

 is the shear stiffness provided by the wall only and calculated in terms of crosssectional area of the wall,    , the shear modulus of the wall,  (taken as
 ), and the height of the wall,  .  is the flexural stiffness provided by the
cantilever composite beam and calculated in terms of the modulus of elasticity of the
frame concrete,  , the height of the frame, , and the moment of inertia of the beam,
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, which is calculated using a transformed section of the composite beam. When several
materials, different modulus of elasticity, make up the beam section, the transformed
section can be used to transform the beam into a single material such that the resistance
to bending by each finite portion parallel to the neutral axis is the same if calculated
based on the first or the second material.

3.3.2

Peak strength and drift at peak strength

The peak strength is estimated based on the lateral resistance provided by the infilled
frame just before a major shear crack develops in the wall. The cracking load derived
by Fiorato et al. (1970) is adopted with some changes to account for the different load
path within the infill wall. The peak strength is expressed as
     

( 3-7 )

where  and  are the shear strength with zero normal stress (known as cohesion)
and the coefficient of friction of masonry, respectively. These values can be obtained
from either direct shear tests (couplet or triplet tests) or masonry unit tests (Yorulmaz
and Sozen, 1968 and Fiorato et al., 1970).  is the vertical load applied on the wall.

As a result of the lateral force of the infilled frame, a compression strut forms in the
wall. The horizontal component of the force in this strut is the shear force equivalent
to the base shear ( ), which causes the lateral deformation. The vertical component
is the axial load applied to the wall ( ) (Fig. 3.7 and Fig. 3.8). This strut force is
developed from the top of windward column to the middle of the leeward column. The
cracking force in the infill wall is typically estimated (Fiorato et al., 1970) based on a
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strut developed from the top of windward column to the bottom of the leeward column
which results in an overestimated cracking load of specimens failed in shear. Mehrabi
(1994) divided the vertical component of this strut by two assuming that each segment
of the two parts of the infill wall separated by the major crack takes half the strut force.

The critical crack in the infill wall develops before the strut force is transferred across
the wall diagonal. Accordingly, an inclined strut develops in the walls as a result of
lateral force on the system and it extends from the top of windward column to the
middle of the leeward column. The resulting axial force on the wall is equal to:
 

 

( 3-8 )



An additional axial load ( ) on the wall exists as a result of the gravity load acting on
the whole system at the beam level. This gravity load (N) is distributed between the
wall and columns based on their axial stiffnesses and the applied force on the wall is
estimated as:
   



( 3-9 )

 

     

( 3-10 )

where




          




( 3-11 )

and  and  are the modulus of elasticity of longitudinal reinforcing steel and
masonry prism, respectively.  and  are the cross-sectional dimensions of the
columns and  is the cross-sectional area of the longitudinal reinforcement in the
column.
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At the instant the major shear crack develops in the infill wall the lateral restraint
provided by the wall disappears over half of the height of each column, and the
longitudinal reinforcement in the columns yield.

The drift at peak strength is estimated based on yield drift of the columns as calculated
by Elwood and Moehle (2003) (Fig.3.9). The drift at the column yield is equal to sum
of the drifts due to response in flexure  and in shear  and the drift caused by bar
slip  :
       
 

 


  



  
 



   




( 3-12 )

( 3-13 )
( 3-14 )
( 3-15 )

where  is the yield curvature of the column when  (the moment when the
longitudinal steel starts yielding) is reached.  is the shear modulus of column taken


as  and the shear area is     . is the gross cross-sectional area of the
column.  is the diameter of longitudinal bars,  is the yield strength of longitudinal
bars, and  is the bond stress between longitudinal bars and concrete taken as 
where  is the characteristic compressive strength of concrete in psi. The drift due to
bar slip could be ignored since the system does not experience large slipping between
bar and concrete before the wall cracks.

31
3.3.3

Mechanism strength and drift

Two shear failure mechanisms are considered here and shown in Fig.3.2. For the first
mechanism (Fig. 3.2a), the shear strength is defined as the sum of shear strength of the
columns and the residual strength of the wall:
    

( 3-16 )

   

( 3-17 )

where    .
The column shear strength is computed based on the resistance provided by the
transverse reinforcement and the concrete shear strength under axial load in accordance
with ACI 318-11 (2011) as:
    

( 3-18 )

where
 

  




    
  


( 3-19 )
( 3-20 )

 and  are the area and yield strength of the transverse reinforcement.  is the
effective depth of column and s is the tie spacing. Mehrabi et al. (1994) suggest using
a 0.8 factor to reduce the transverse reinforcement shear strength to account for the
possibility that not all of the stirrups will reach yield capacity.

For the leeward column, the axial load ( ) is the compressive normal force that is
equal to Nc.
 




( 3-21 )
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In the other column, the axial load is either tensile or compressive depending on the
resultant axial force acting on that column. It is calculated as:
 

 



 

 

 


( 3-22 )
( 3-23 )

The shear strength contribution from the infill wall depends on  calculated based on
Eq. (3-10). The axial load on the wall from the diagonal strut  is estimated as defined
in Eq. (3-23) as a result of lateral force  . The axial load on the wall from the applied
load on the beam level,  , is as defined before.

For the second shear mechanism, shown in Fig. 3.2(b), the strength is estimated based
on windward column shear strength, leeward column flexural strength, and wall
cracked strength as:
      

( 3-24 )

where
 




( 3-25 )

 is the plastic moment of leeward column.  and  are as defined in the first
mechanism.
3.3.4

Residual strength

The residual shear strength of the system is the residual strength of cracked infill wall
and residual strength of the columns:
      
where

( 3-26 )
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( 3-27 )

The windward column strength for both mechanisms is taken as    . It is
assumed that the concrete shear strength is zero or negligible at this level of loading.
The last term in Eq. (3-26) is the shear strength of the leeward column according to the
residual shear failure state (Fig.3.10).  is defined in Eq. (3-18) with the concrete
shear strength under compression is estimated based on ACI 318-11 as:



    
  


( 3-28 )

where
 




( 3-29 )

The vertical load distribution is recalculated based on cracked column and wall sections.
The cracked column area is taken as 70% of uncracked (gross) section (ACI 318-11).
When the cracked wall reaches the point where the major crack does not close fully
while reloading, the cracked cross-sectional area of the wall (Fig.3.10) would be
     

( 3-30 )

The residual cracking strength of wall is predicted based on  as before and an axial
load applied to infill wall as:
    

( 3-31 )

where
   


  

( 3-32 )

and
 

 


( 3-33 )
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The mechanism drift is calculated based on  developed by Elwood and Moehle
(2003) and identified in Fig. 3.9 as:






     










 
 

 

( 3-34 )



where     is the ratio of transverse reinforcement cross-sectional area to the width


of column multiplied by tie spacing, i.e., the transverse reinforcement ratio.  is the
maximum shear stress in the column.

3.3.5

Comparison with experimental data

The proposed backbone curve described above is compared with results from six
experiments by other researchers listed in Table 3.2. These six specimens are tested
either quasi-statically (monotonic or with loading cycles) or pseudo-dynamically. The
lateral force versus drift curves of these specimens are compared with the proposed
backbone curve in Fig. 3.11 through Fig. 3.16. The threshold levels of backbone curve
of these specimens are summarized in Table 3.3. The parameters required to generate
the backbone curve are identified in this study and listed in Table 3.4. The compressive
strength of mortar used in building these specimens is usually tested and provided by
authors. But the friction coefficient, the shear strength with zero normal stress of
masonry, and the masonry prism modulus of elasticity are not always provided.
Accordingly, the masonry parameters estimated by Qaisar et al. (2012) based on mortar
compressive strength and mix components are used. In this study, the coefficient of
friction is taken as 0.7 when no information is provided as recommended by reinforced
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masonry engineering handbook (Amrhein, 1998). The masonry shear strength is
evaluated based on Qaisar et al. (2012) equation as:
  



( 3-35 )

where  is the compressive strength of mortar. Expressions for the modulus of
elasticity of masonry prism have been derived by many researchers but a general rule
of thumb is adopted here which is:
  

( 3-36 )

where  is the compressive strength of masonry prism.

The parameters of specimen V22 tested by Colangelo (2005) is calibrated based on
specimen V21 (twin specimen) first and then the backbone curve is developed and
compared with experimental results of specimen V22 (Fig. 3.14). Even though they are
twin specimens, the strength differs by 25%. This can be attributed to differences in
infill wall properties. The small-scale specimen tested by Stavridis (2009) matches
well in the loading-unloading regime in the direction where first cycle start (Fig.3.15).
In the other (reverse) direction, the backbone curve deviates from test results due to the
development of two diagonal cracks in the wall. This might be related to filling the
frame with un-scaled brick wall which results in fewer mortar layers compared to the
expected ones on the prototype. The estimation of the residual strength for the specimen
Model 2 tested by Al-Chaar is lower than the test results. This is attributed to the fact
that the specimen was tested monotonically and the residual strength estimation is
based on the proposed residual friction coefficient that is reduced due to cyclic loading
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(Fig. 3.13). For the rest of the specimens, the proposed backbone curve provides an
envelope that matches with the experimental results well.

3.4

Backbone Curve for Flexural-Critical Infilled RC Frame

The proposed piecewise-linear backbone curve for infilled frames failing by flexure is
identified by three segments as shown in Fig.3.17. The thresholds for these segments
are described in detail next. The geometry and loading details of the generic infilled
RC frame used in deriving the backbone curve are different than before and shown in
Fig.3.18.

3.4.1

Yield strength and drift

This threshold is reached when the first degradation in stiffness occurs as a result of
minor cracking in the frame and in the infill wall mortar joints as well as the partial
separation along the frame-infill wall interfaces. The shear force at this level of loading


is estimated as     . The yield drift is estimated using Eq. (3-3).

3.4.2

Peak strength and drift

The peak strength is defined as the lateral resistance of the infilled frame when a
mechanism develops. Three mechanisms are identified for RC frames with masonry
infill walls and when columns fail in flexure. These three mechanisms are shown in
Fig. 3.3. For all mechanisms, the peak strength is stated as:
       

( 3-37 )
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The definition of the contribution of windward and leeward column into the lateral
shear strength and the axial load applied on the infill wall are different for each
mechanism.

For the first mechanism (Fig. 3.3 (a)), a slipping over multiple bed joints occur while
columns are developing plastic hinges at their ends. The shear strength provided by the
columns are:
 
 









( 3-38 )
( 3-39 )

where  and  are the plastic moment capacities of the windward column and
the leeward column, respectively. There is reduction in plastic moment of windward
column due to consideration of tensile axial force. The axial force is estimated as:
    

( 3-40 )

where
 

 


( 3-41 )

The axial force  is a result of lateral force of infilled frame relative to the base. A
diagonal force is developed from the top of windward column to the bottom of the
leeward column. This diagonal force results in shear force equivalent to the base shear
 and an axial force  on the infill wall (Fig. 3.18). The schematic diagram of
vertical load distribution is shown in Fig. 3.19.
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The vertical load applied to wall  is estimated based on Eq. (3-10) where  as
defined in Eq. (3-41) and the additional axial load  that results from the directly
applied gravity load on the whole system at the beam level as described in Eq. (3-9).

For the second mechanism (Fig. 3.3 (b)), two plastic hinges are formed at the top end
and at mid-height of the windward column, two plastic hinges at the bottom end and at
mid-height of the leeward column, and a major crack occur along the middle bed joint
of the wall.

The shear strength provided by columns are stated as:
 
 









( 3-42 )
( 3-43 )

The reduction in plastic moment of windward column due to tensile axial force is also
considered. The axial force is estimated based on Eq. (3-40) where  is defined based
on Eq. (3-8). The vertical load applied to wall,  , is computed based on Eq. (3-10)
where  and  are defined based on Eq. (3-8) and Eq. (3-9), respectively.

For the third mechanism (Fig. 3.3 (c)), plastic hinges are formed at both ends of the
leeward column and at one end and mid-height of the windward column and a major
crack occurs along the middle bed joint of the wall. The shear strength of the windward
column is estimated based on Eq. (3-42) and the shear strength of the leeward column
is calculated based on Eq. (3-39). The vertical load applied to the wall ( ) is computed
as in the second mechanism.
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The drift at peak strength is calculated based on the lateral stiffness derived by Smith
(1966). It is stated as:


 



( 3-44 )

where
  



 

 


 

  

   


   

( 3-45 )
( 3-46 )

( 3-47 )

 is the lateral stiffness of infilled frame modeled based on the equivalent
compression strut concept (Smith, 1966) and  is the strut width.

The strut width estimate is used for lateral stiffness and strength calculation by many
researchers. Typically the strut width is estimated as a fraction of the diagonal length
of infill wall. Moghaddam and Dowling (1988) uses one-sixth; Eurocode 8 (1988)
states the use of 15% of the diagonal length and requires three diagonal struts; Smith
and Coull (1991) uses one-tenth; Paulay and Priestly (1992) recommends one-fourth.
Smith and Carter (1969) produced a series of curves that represent the relationship
between non-dimensional relative stiffness parameter and the strut width for various
aspect ratios of infilled frames. Liauw and Kwan (1984) estimated the width of
diagonal strut as a function of the non-dimensional relative stiffness parameter as:





( 3-48 )
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This equation represents a best fit to the experimental results of Barua and Mallick
(1977). In this study, the width of infill strut is estimated based on Liauw and Kwan
(1984) equation given in Eq. (3-48).

3.4.3

Residual strength and drift

The residual strength in flexural failure mechanisms is estimated as:
       

( 3-49 )

The shear strength provided by windward and leeward columns and the axial load 
applied on infill wall are computed as defined in section (3.4.2) for all mechanisms.
The only difference is the use of residual friction coefficient instead of the initial
friction coefficient to calculate the residual shear strength of infill wall.

The mechanism drift is calculated based on a maximum allowable drift ratio of 2% as:



3.4.4

 

( 3-50 )

Comparison with experimental data

The proposed backbone curve described in section 3.4 is compared with test results
provided by other researchers listed in Table 3.5. The ten specimens are tested either
quasi-statically (monotonic or with various load cycles) or pseudo-dynamically. The
lateral force versus drift curves of these specimens are compared with proposed
backbone curve in Fig. 3.20 through Fig. 3.29. The threshold levels of the backbone
curves are summarized in Table 3.6. The parameters required to generate each
backbone curve are listed in Table 3.7. The friction coefficient and shear strength of
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masonry and the prism modulus of elasticity are estimated as defined in section 3.3.5
when these information are not provided.

The development of backbone curve in the absence of vertical load might give results
that are not in good agreement with test outcomes such is the case with Al-Chaar
specimen (Model 3) (Fig. 3.24). The observed mechanism in this specimen is even
different from the estimated mechanism. During the test, separation between the
leeward column and the base developed due to insufficient reinforcement development
length provided. For the rest of specimens, the proposed backbone curves give
envelopes that is in good agreement with the experimental results. Estimated
controlling failure mechanisms of all specimens considered in this study are compared
with the observed mechanism and listed in Table 3.8. The controlling mechanisms are
the same as the observed for most of the specimens that we have photos of except for
specimen 7 of Mehrabi’s test. This specimen lay in the transition region and the
observed mechanism is a combination of mechanism 1 of flexure and mechanism 2 of
shear. The controlling mechanism is mechanism 3 of flexure. For some specimens, the
failure category (shear vs. flexure) is known from the reference text but with no photo
of the mechanism.

42

Table 3.1: Data considered for failure mode identification
Specimen
Period
Relative
Aspect Ratio
Failure
Relative
ID
(s)
Stiffness
(hw/Lw)
Mode
Strength
Mehrabi et al. (1996)
Spec 4
0.12
2.65
0.67
Flex.
0.63
Spec 5
0.053
4.13
0.67
Shear
2.04
Spec 6
0.12
2.29
0.67
Flex.
0.32
Spec 7
0.05
3.56
0.67
Flex.
1.06
Spec 10
0.10
2.55
0.48
Flex.
0.77
Spec 11
0.044
3.96
0.48
Shear
2.30
Al-Chaar (1998)
Model 2
4.38
0.73
Shear
0.52
3.81
0.73
0.31
Model 3
Flex.
Colangelo (2005)
U21
0.12
2.59
0.76
Flex.
1.19
L2
0.09
2.66
0.57
Flex.
0.54
V22
0.109
2.51
0.57
Shear
1.80
Stavridis (2009)
Small Scale
0.017
3.89
0.56
Shear
2.08
CU1
0.028
4.85
0.55
Shear
3.80
Zovkic et al. (2013)
Model 3
0.179
2.30
0.72
Flex.
1.17
0.18
2.21
0.72
0.69
Model 4
Flex.
0.12
2.69
0.72
1.08
Model 8
Flex.

Table 3.2: Experimental tests for comparison with proposed backbone curve for shear
Aspect Ratio
Test
Specimen ID Scale
Loading
(hw/Lw)
1/2
Mehrabi et
5
Cyclic
0.67
al. (1996)
1/2
11
Cyclic
0.48
Al-Chaar
Model 2
1/2
Monotonic
0.73
(1998)
Colangelo
V22
1/2
Pseudo-Dynamic
0.57
(2005)
1/5
Stavridis
Small Scale
Cyclic
0.56
(2009)
2/3
CU1
Cyclic
0.55
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Table 3.3: Threshold levels of proposed backbone curve for specimens failed by shear
Ko
y
peak
sh
Vy
Vpeak
Vsh
Vres
Test
Spec. ID
(k/in)
(in)
(in)
(in) (kip) (kip) (kip) (kip)
Mehrabi
5
2382 0.017 0.13
0.90
40.1
60.1
40.4
34.5
et al.
11
3456 0.013 0.13
0.92
45.0
67.5
42.3
39.8
(1996)
Al-Chaar
Model 2 3643 0.004 0.056 0.75
12.7
19.1
9.3
9.3
(1998)
Colangelo
V22
969
0.028 0.12
0.59
26.7
40.0
27.0
24.4
(2005)
small
Stavridis
6246 0.002 0.016 0.30
12.4
18.6
14.0
10.9
scale
(2009)
CU1
9075 0.011 0.19
0.82 102.5 153.7 60.8
45.1

Table 3.4: Parameters for backbone curve development for shear
Frame
Reinforcement Masonry
Infilled-Frame
Parameters
Parameters
Parameters
Parameters
bc
Ast
hw
h
hc
Av
Lw
L
d
db
tw
P
f'c
fy
fm
Ec
fyv
fp
My
Es
Ew
øy
s
µ
Mp
C
-

Table 3.5: Experimental tests to be compared with proposed backbone curve for flexure
Test
Specimen ID
Scale
Loading
Aspect Ratio (hw/Lw)
Mehrabi
4
1/2
Cyclic
0.67
et al.
6
1/2
Cyclic
0.67
(1996)
7
1/2
Cyclic
0.67
10
1/2
Cyclic
0.48
Al-Chaar
Model 3
1/2
Monotonic
0.73
(1998)
Colangelo
U21
1/2
Pseudo-Dynamic
0.76
(2005)
L2
1/2
Pseudo-Dynamic
0.57
Zovkic et
Model 3
1/2.5
Cyclic
0.72
al.
Model 4
1/2.5
Cyclic
0.72
(2013)
Model 8
1/2.5
Cyclic
0.72
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Table 3.6: Threshold levels of proposed backbone curve for specimens failed by flexure
Ko
y
peak
sh
Vy
Vpeak
Vsh
Test
Spec. ID
(k/in)
(in)
(in)
(in)
(kip) (kip) (kip)
Mehrabi
4
462
0.056
0.25
1.21
25.8
38.7
25.8
et al.
6
467
0.07
0.29
1.21
32.8
49.1
39.3
(1996)
7
2473
0.022
0.11
1.21
55.2
82.8
47.9
10
644
0.04
0.24
1.21
25.7
38.5
27.2
Al-Chaar
Model 3 2293
0.003 0.016 1.12
7.6
11.3
7.7
(1998)
Colangelo
U21
707
0.032
0.13
1.12
22.9
34.3
19.9
(2005)
L2
1400
0.026
0.13
1.12
36.7
55.1
39.2
502
0.065
0.25
1.10
32.5
48.7
33.7
Zovkic et Model 3
Model 4
502
0.062
0.24
1.10
30.9
46.4
33.3
al.
(2013)
Model 8 1103
0.038
0.16
1.10
41.6
62.5
38.1

Table 3.7: Parameters for backbone curve development for flexure
Frame
Reinforcement Masonry
Infilled-Frame
Parameters
Parameters
Parameters
Parameters
bc
Ast
hw
h
hc
fy
Lw
L
d
fyv
tw
P
f'c
Es
fp
Ec
Ew
Mpc
µ
Mpt
-
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Table 3.8: Failure mechanisms of all specimens considered in this study
Specimen Failure
Observed
Controlling
ID
Mode
Mechanism
Mechanism
Mehrabi et al. (1996)
Spec 4
Flex.
1
1
Spec 5
Shear
1
1
Spec 6
Flex.
1
1
Spec 7
Flex.
1of flex +2 of shear
3
Spec 10
Flex.
1
1
Spec 11
Shear
1
1
Al-Chaar (1998)
Model 2
shear One column failed
2
in shear. The failure
of other column is
not shown
3
1 and 3 are the same
Model 3
Flex.
Colangelo (2005)
U21
Flex.
Not available
1 and 3 are the same
L2
Flex.
Not available
1
V22
Shear
Not available
1
Starvidis (2009)
Small Scale
shear
Not available
1
CU1
shear
1
1
Zovkic et al. (2013)
Model 3
Flex.
1
1
1
1
Model 4
Flex.
3
3
Model 8
Flex.
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(a)

(b)

(c)

(d)
(e)
Figure 3.1: Typical failure mechanisms of RC frames with infill walls (adapted from
Mehrabi et al., 1994) when subjected to lateral load (shown as arrow). Plastic hinges
are shown as circles. Zigzag lines indicate inclined cracks. Horizontal lines in the infill
indicate sliding cracks

(a)
(b)
Figure 3.2: Shear failure mechanisms under lateral load (shown as arrow) and
considered in this study

(a)

(b)

(c)
Figure 3.3: Flexural failure mechanisms under lateral load (shown as arrow) and
considered in this study
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hw

h


Lw
L
Figure 3.4: Geometric parameters of RC frame with infill wall model where,  is
height of the wall,  is the height of the frame, Lw is the length of the wall, L is the
span of the frame, and  is the angle between the infill wall diagonal and the horizontal

Infill wall to RC frame relative Stiffness (RK)

5

4

Shear Failure Region

3

2

Flexural Failure Region
1

0
0

Failure by Shear
Failure by Flexure
1
2
3
4
5
Infill wall to RC frame relative Strength (RS)

Figure 3.5: Failure mode identification based on relative strength and relative stiffness
of infill wall to RC frame. Solid line represent an upper boundary and the dashed line
represent the conservative threshold for failure mode identification
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Figure 3.6: A proposed backbone curve, shown as shear force versus drift, for an
infilled RC frame with at least one column eventually failing in shear
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V
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(a)

(b)

Figure 3.7: Geometry and loading details of (a) infilled frame and (b) infill wall
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N
V

Nv
V

Nc
Nv

Na

Nc

Figure 3.8: Schematic diagram of vertical load distribution when shear crack occur
at mid-height of infill wall.

Figure 3.9: The force-drift curve developed by Elwood and Moehle (2003)
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Figure 3.10: Residual mechanism of shear-critical infilled frame and used for residual
strength calculation
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Figure 3.11: The proposed backbone curve for spec 5 (Mehrabi et al., 1996)
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Figure 3.12: The proposed backbone curve for spec 11 (Mehrabi et al., 1996)
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Figure 3.13: The proposed backbone curve for Model 2 (Al-Chaar,1998)
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Figure 3.14: The proposed backbone curve for specimen V22 (Colangelo, 2005)
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Figure 3.15: The proposed backbone curve for the small-scale specimen (Stavridis,
2009)
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Figure 3.16: The proposed backbone curve for CU1 specimen (Stavridis, 2009)

























Figure 3.17: The proposed backbone curve for infilled RC frames with columns
eventually failing in flexure
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Figure 3.18: Geometry and loading details of (a) infilled RC frame and (b) infill wall
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Figure 3.19: Schematic diagram of vertical load distribution (Mehrabi et al., 1994)
when shear cracks occur at multiple bed joints of infill wall
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Figure 3.20: The proposed backbone curve for spec 4 (Mehrabi et al., 1996)
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Figure 3.21: The proposed backbone curve for Spec6 (Mehrabi et al., 1996)
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Figure 3.22: The proposed backbone curve for Spec7 (Mehrabi et al., 1996)
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Figure 3.23: The proposed backbone curve for Spec 10 (Mehrabi et al., 1996)
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Figure 3.24: The proposed backbone curve for Model 3 (Al-Chaar, 1998)
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Figure 3.25: The proposed backbone curve for Specimen U21 (Colangelo, 2005)
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Figure 3.26: The proposed backbone curve for Specimen L2 (Colangelo, 2005)
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Figure 3.27: The proposed backbone curve for Model 3 (Zovkic et al., 2013)
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Figure 3.28: The proposed backbone curve for Model 4 (Zovkic et al., 2013)
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Figure 3.29: The proposed backbone curve for Model 8 (Zovkic et al., 2013)
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CHAPTER 4. HYSTERESIS MODEL

4.1

General Definitions

Backbone model development is extended in this chapter to include the effect of load
reversals to obtain an hysteresis model to represent the in-plane response of an RC
frame with masonry infill walls under lateral loads. In chapter 3, the backbone curve
was developed to provide an envelope where reversals will occur within. The changes
in strength and stiffness with loading history are introduced in this chapter. Definitions
of the tools needed to identify the loading-unloading rules are outlined first. Details of
these rules are given in the next section.

4.1.1

Stiffness definitions for shear-critical mechanisms

Three key stiffness definitions can be made based on available test data for RC frames
with infill walls. The first one is the initial stiffness of the structure calculated based on
formulation given by Fiorato et al. (1970). The second key stiffness is the stiffness of
the structure before slipping over the length of the crack takes place and the third key
stiffness is the stiffness of the structure during slipping. The proposed backbone curve
defined in section 3.3 is divided into four regions with the aim of defining the three key
stiffnesses of the structure in each region during load reversals (Fig. 4.1 (a)). All regions
are bounded by specific drift levels to represent the damage that causes reduction in
stiffness.
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The first region starts when the load start acting on the structure and it comes to an end
when the yield drift is reached in either direction of loading. In this region, the first key
stiffness governs the loading and unloading path stiffness and assigned to be equal to
 calculated in section 3.3.1. This key stiffness just contributes to load reversals in the
first region only and is not used in subsequent regions.

When the drift exceeds the region 1 threshold, the second region starts and continues
until the system reaches twice the peak drift in either direction of loading. In this region,
the second and third key stiffnesses are defined for the first time. These two stiffnesses
are then modified when the structure displaces into later regions to account for the
growth in damage. Regarding the second key stiffness, it is assigned a modification
parameter to reflect the decrease in stiffness due to damage that has occurred at the end
of previous region. As soon as the structure exits a specific region, the reduction
parameter ascribed to next the region will be put into effect. This reduction parameter
is defined as the ratio of the drift at peak strength to the drift at the end of the previous
region considered. Regarding the third key stiffness, the expression that calculates it is
changed in subsequent regions to reflect the reduction in the slipping stiffness.

The second key stiffness in region 2 is identified as  which is the stiffness before
slip occurs along the crack length. It is expressed as the slope of a line extending from
the origin to a point on the backbone curve with a drift equal to twice the yield drift.
The third key stiffness in this region is defined as  which represent the stiffness of
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structure while slip takes place along the major crack. It is expressed in region 2-a (Fig.
4.1 (a)) as:
 

 

 

 

 



( 4-1 )

and in region 2-b as:
( 4-2 )



where
  

( 4-3 )

 is the drift when unloading path slope changes due to start of slipping. In other words,
it is the drift when the stiffness changes from  to  when shear strength is equal
to  (Eq. 3-17) (Fig. 4.2 (a)).
   

 

( 4-4 )



where  and  are the restoring force and drift at the last load reversal instant step,
respectively, where loading path turns into unloading one (Fig. 4.2 (a)).

The third region starts after twice the drift at peak strength is attained and continues
until drift at mechanism strength is achieved in either direction of loading. The


reduction factor in  in this region is defined as ( ). The third key stiffness is


stated as in region 2-b.

The fourth region is the residual zone where at least one of the columns is vulnerable
to loss of its axial capacity soon. The fourth region starts where the third region ends.
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The reduction factor in  in the fourth region is expressed as




. The third key

stiffness is defined as in region 2-b and 3 but with
  

( 4-5 )

where  is calculated as defined in Eq. 3-27.

4.1.2

Stiffness definitions for flexural-critical mechanisms

The three key stiffness concepts for specimens failed in flexure are similar to the ones
failed in shear but the methods used to obtain them are different. The proposed
backbone curve for flexural failure is divided into three distinct regions with the aim of
defining the three key stiffness for each region during load reversals (Fig. 4.1 (b)). All
regions are bounded by the same drift levels in both directions, just as defined in the
previous section, to represent the damage that causes the reduction in stiffness with the
exception of region 4.

In the first region, the first key stiffness governs the loading and unloading path
stiffness and is assigned to be equal to  as before. As the drift level exceeds region 1
limiting drift, the second region starts. The second key stiffness is identified as  
 which is the stiffness before slipping over the length of the crack takes place. The
last region, region 3, is assigned a modification parameter to reflect the decrease in the
second key stiffness due to the damage that occurs at the end of the previous region,


region 2. This reduction parameter is defined as ( ).
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The third key stiffness is defined as  . It represents the stiffness of system while slip
takes place along major crack. It is expressed in region 2-a in accordance with Eq. 4-1
and in region 2-b and 3 as:
 

 


( 4-6 )

where
 

4.1.3

   


( 4-7 )

Loading-Unloading History Index

The lateral force estimation of RC frames with infill walls subjected to specific load
reversals depends on the path the structure moves at the mass level relative to the
original location. This path represents the motion of the mass and develops over several
steps. Each step consists of two points: a start point and an end point. The term point
stands for the drift of the mass from the original undeformed location. Each point along
the path is assigned a number in this section to account for the loading-unloading state
and assigned a path index in next section to account for the stiffness of system.

The loading-unloading history index, LUI, is specified to identify a state of loading,
unloading, or turning point of the path (unloading to loading or loading to unloading).
It is estimated based on the absolute change in drift. When the change in drift at the
end from the start points of a step is positive, a loading regime is considered and a value
of 1 is assigned to LUI of end point. On the other hand, when the change in drift in a
step is negative, an unloading regime is considered and a value of -1 is assigned to LUI
of end point. This change is considered when drifts in a given step are both positive or
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are both negative. The positive and the negative nature of the drift is just an indication
of the direction of drift. Positive direction is chosen to represent the direction of the
first step drift. When the drift at the start of a step is positive and the end is negative,
LUI of the point representing the starting drift of this step is taken as -1 and the end
point as 1. When the drift at the start of a step is negative and the end is positive, LUI
of the point representing the starting drift of this step is taken as -1 and the end point
as 1.

4.1.4

Path Index

In order to track the change of loading-unloading path slope, a path index is proposed.
This index, py, is assigned an identification number for each point in each step of
loading-unloading regime to represent a specific stiffness as follows:

py=1: assigned to all points placed on backbone curve or to a turning point where the
path turns from loading (path with py=1 or 3) to unloading for large cycles. A large
cycle is defined as the one that goes from positive drifts to negative ones (or vice versa).
For example, all cycles shown in Fig. 4.2 (c) are large cycles. On the other hand, small
cycles occur when the path moves over positive drifts only or negative drifts only. Two
small cycles are shown in Fig. 4.2 (a) and one of them is enlarged in Fig. 4.2 (a)-III.
py=2: assigned to all points placed on the unloading path or the loading path with a
slope equals to  (Fig. 4.2 (a) and (c)). It is always assigned to the points that directly
follow the turning points that change the path from loading to unloading or from
unloading to loading.

66
py=3: assigned to all points placed on the unloading path or the loading path with a
slope equals to  . It is always assigned to the points that directly follow the points
with py=2 when  is reached as long as unloading or loading continues in the same
direction (Fig. 4.2 (a)). The loading-unloading rules are defined in the next section and
the procedures are explained in more detail.
py=4: assigned to a turning point where the path changes from unloading (with py=3)
to loading (py=2) for small cycles only (Fig. 4.2 (a)-III)..
py=5: assigned to a turning point from unloading (with py=2) to loading (with py=2)
without passing through any point that has py=3 (Fig. 4.2 (b)).
py=6: assigned to a turning point from loading (with py=2) to unloading (with py=2)
without passing through any point that has py=3 (Fig. 4.2 (b)).

4.2

Loading-Unloading Rules

The analysis is driven over small steps so that the changes in lateral force and drift
during loading-unloading process is captured smoothly. Each step is identified by its
start and end drift levels, loading-unloading history indices, and path indices. Start and
end drifts in each step are determined depending on the test method. For dynamic tests,
the drift at the end of a step is estimated based on solving dynamic equilibrium equation
as described in chapter 5. For quasi-static displacement controlled test, the specimen is
subjected to predefined drift history. This means that the current point during analysis
has a predefined or calculated value of drift so that loading-unloading history index
LUI, path index py, and the lateral force at this point is calculated based on the
procedures given in sections 4.1.3 and 4.1.4 for LUI and py and described next for
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lateral force estimation. In this chapter, lateral force stands for total shear force under
cyclic loads or the restoring force under dynamic loads (Chapter 5).

The hysteresis model for infilled RC frames is developed for lateral force estimation
during loading-unloading process and governed by several rules defined as follows

Rule 1: The first point on the motion path has a drift and lateral force equivalent to
zero and is assigned a py value of 1. The second point in the path has a drift while
loading the system in the positive direction (it is the direction in which the first cycle
of loading starts). It should be located in region 1 so that the lateral force estimation is
smooth. The lateral force is estimated as     where x is the drift value at second
point (i is the point number in the path). It is also assigned a py value of 1 since it is
placed on the backbone curve and a LUI value of 1. If loading still moves in the same
direction, the path falls on the backbone curve and the lateral force of subsequent points
are estimated by interpolating the shear strength of the threshold levels of the backbone
curve. They are also assigned a py value of 1. Fig. 4.2 (a)-I shows the first path of
loading.

Rule 2: If the current point has a LUI of -1 while the previous point has a LUI of 1, a
turning point is identified for previous point. The py of turning point is 1 if first turning
point is considered or if large cycle takes place (meaning that the previous turning point
was in the other direction of loading). If the current point is in region 1, the unloading
path is still has py value of 1. If the current point goes beyond region 1, the current
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point is placed on the unloading path with py of 2 (Fig. 4.2 (a)-II). The slope of this
first unloading path is  as defined previously per specific region. The lateral force
of all points on the path of py of 2 is estimated as:
           

( 4-8 )

While unloading continues, the unloading path changes from py=2 to py=3 when the
lateral force estimated from Eq. (4-8) becomes equal to the minimum shear strength
( ). This is the case if the lateral force of the previous turning point (py=1) is already
greater than  . This is checked by adding “for” statement to loop over the points
inversely and a conditional statement to check the lateral force of the last point with
py=1. The slope of second unloading path is  (Fig. 4.2 (a)-II) and the lateral force
of all points on the path of py of 3 is estimated as:
           

( 4-9 )

If the lateral force of the previous turning point (py=1) is not greater than  , then a
“drop” value is introduced. The “drop” value is estimated by employing a loop to track
the last point that has a py value of 1 and has a lateral force greater than  . Then the
“drop” value is given as the absolute difference between the lateral force returned from
the loop and  . So, when unloading continues, the unloading path changes from
py=2 to py=3 when the absolute change of lateral force of current point to the turning
point equals the “drop” value.

Rule 3: If the current point has a LUI of 1, the previous point has LUI of -1 and a py
of 3, and ((       ) or (      )), then the
current point will continue on the same path with py of 3. When loading continues in

69
the same direction, the lateral force can still be estimated by Eq. (4-9) until it reaches
the backbone curve on the other side. If it reaches the backbone curve, the py of that
point is 1 and the lateral force is calculated by interpolating the shear strengths of
threshold levels that compose the backbone curve (Fig. 4.2 (a)). If unloading occurs
before that backbone curve is reached, the previous point is assigned as a turning point
and its py is changed to 1 with the same lateral force estimated from previous step. The
current point is assigned a py of 2 and its associated lateral force is evaluated based on
Eq. (4-8) (Fig. 4.2 (a)-III).

Rule 4: If the current point has LUI of 1 while the previous point has LUI of -1 and py
of 3, and ((        ) or (        )), then a
turning point is assigned to the previous point. The py of turning point is 4 and small
cycle takes place (meaning that the previous turning point was on the same direction of
the current turning point). The lateral force of turning point is the same as estimated
from previous step. The current point is placed on the loading path with py of 2 (Fig.
4.2 (a)-III) and the slope of this first loading path is  as defined previously per
specific region. The lateral force at all points on the path of py of 2 is also calculated
based on Eq. (4-8). If loading continues in the same direction, the path changes its slope
when the absolute change of lateral force of current point from the lateral force of
previous turning point (py=4) exceeds a “drop” value. This “drop” value is estimated
using the same procedure described previously. Accordingly, the current point is given
a py of 3 and the shear force is calculated based on Eq. (4-9).
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Rule 5: If the current point has a LUI of 1 while the previous point has a LUI of -1 and
py of 2, a turning point is assigned to previous point (Fig. 4.4 (b)). The py of turning
point is 5 and for the current point is 2. The lateral force can still be evaluated based on
Eq. (4-8). If the loading continues in the same direction, the lateral force can still be
evaluated by Eq. (4-8) until previous overturning point of py=1 is reached. At this
instance, the loading continues at py of 3 if the backbone is not reached yet and the
lateral force is estimated using Eq. (4-9). If the backbone curve is reached, the py is
assigned a value of 1 and the lateral force is estimated based on interpolating the
threshold levels of the curve.

Rule 6: If the current point has LUI of -1 while the previous point has LUI of 1 and py
of 2, a turning point is assigned to previous point (Fig. 4.4 (b)). The py of turning point
is 6 and for the current point is 2. The lateral force can still be calculated based on Eq.
(4-8). If the loading continues in the same direction, the lateral force can still be
evaluated by Eq. (4-8) until previous overturning point of (py=4) is reached. At this
instance, the loading continues at py of 3 and the lateral force is estimated by using Eq.
(4-9).

Rule 7: For hysteresis model development of SDOF system that is vulnerable to fail
by shear and reached a mechanism drift ( ), the lateral force estimation shall
continue along the steep drop at this drift level (Fig. 4.2 (c)). In other words, if the
current point has LUI of 1 and drift equal to or more than ( ) and the previous point
has LUI of 1 and py of 3, then the current lateral force is equal to  .
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4.3

Comparison with experiments

It is shown by stating loading-unloading rules that a lot of loops and conditional
statements are required for each step to calculate the lateral force while the system goes
through load reversals. All of the above mentioned rules are coded in MATLAB
R2012a (MATLAB, 2012) to facilitate the study of the behavior of infilled RC frame
under various dynamic loading conditions.

The proposed hysteresis model described in previous section is compared with test
results reported by other researchers listed in Table 3.1. The thirteen specimens tested
either as quasi-statically under various load cycles or pseudo-dynamically are
considered. For the specimens tested pseudo-dynamically, the lateral force is estimated
by the proposed hysteresis model at the given displacement history of the test and
compared with the restoring force versus drift curves provided for the test. The
generated lateral force versus drift curves of specimens failed by shear (listed in Table
3.1) are compared with the test results in Fig. 4.3 through Fig. 4.7. The generated lateral
force versus drift curves of specimens failed by flexure (listed in Table 3.1) are
compared with the test results in Fig. 4.8 through Fig. 4.15.

The specimens tested by Zovkic et al. (2013) are compared to proposed hysteresis
model in Fig. 4.13 through Fig. 4.15. The maximum drift ratio these specimens are
subjected to are 0.65% for Model 3, 0.4% for Model 4, and 0.6% for Model 8. All these
drift ratios are low to investigate the behavior after peak strength is reached. For the
rest of specimens, the proposed hysteresis model presents an estimation of the in-plane
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response of infilled RC frames that agree with the experiment results. It could be
concluded that the proposed hysteresis model is an efficient tool to estimate the inplane restoring force in an infilled RC frame.
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Figure 4.1: The backbone curve regions
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Figure 4.3: The results of proposed hysteresis model for spec5 (Mehrabi et al., 1996)

76
80
60

Lateral Load (kips)

40
20
0
-20
-40
-60
-80
-1.5

Proposed Hysteresis Model
Experimental Data
-1

-0.5

0
Drift (in)

0.5

1

1.5

Figure 4.4: The results of proposed hysteresis model for spec11 (Mehrabi et al., 1996)
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Figure 4.5: The results of proposed hysteresis model for specimen V22 (Colangelo,
2005)
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Figure 4.6: The results of proposed hysteresis model for small scale specimen (Stavridis,
2009)
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Figure 4.7: The results of proposed hysteresis model for specimen CU1 (Stavridis,
2009)
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Figure 4.8: The results of proposed hysteresis model for Spec 4 (Mehrabi, 1996)
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Figure 4.9: The results of proposed hysteresis model for Spec 6 (Mehrabi, 1996)

2

79

100
80

Lateral Load (kips)

60
40
20
0
-20
-40
-60
-80
Proposed Hysteresis Model
Experimental Data

-100
-2

-1.5

-1

-0.5

0
Drift (in)

0.5

1

1.5

2

Figure 4.10: The results of proposed hysteresis model for Spec 7 (Mehrabi, 1996)
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Figure 4.11: The results of proposed hysteresis model for spec 10 (Mehrabi, 1996)
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Figure 4.12: The results of proposed hysteresis model for specimen L2 (Colangelo,
2005)
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Figure 4.13: The results of proposed hysteresis model for Model 3 (Zovkic et al.,
2013)
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Figure 4.14: The results of proposed hysteresis model for Model 4 (Zovkic et al.,
2013)
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Figure 4.15: The results of proposed hysteresis model for Model 8 (Zovkic et al.,
2013)
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CHAPTER 5. BEHAVIOR OF RC FRAMES WITH INFILL WALLS DURING
EARTHQUAKE GROUND MOTION

5.1

Introduction

To study the in-plane response of reinforced concrete frame with masonry infill walls
during earthquake ground motions in a computationally efficient way, the structure is
idealized as a single degree of freedom (SDOF) structure composed of a mass, spring,
and dashpot system (Fig. 5.1). The idealization requires the following assumptions:
1. The mass of the structure is lumped into a point mass at the beam level. The
infill wall has a distributed mass along the height and its weight is considered
negligible compared to the vertical load from upper floors acting on the
columns and distributed loads from the infill walls resting on the beam.
2. The deformation of the system occurs between the base and the mass level. The
beam is assumed rigid. This assumption holds because the infill wall restrains
the beam from bending.
3. Energy dissipation is modeled using linear viscous damping.

The dynamic equilibrium equation of motion is stated as:
      

( 5-1 )
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where
 : inertial force acting on the mass
 : damping force; damping is modeled as linear viscous damping
 : restoring force; this force is estimated using the hysteresis model proposed
in chapter 4
This equation can be restated as
             

( 5-2 )

where
m : mass of the system
c : viscous damping coefficient of the system
 : drift of the structure relative to the ground
  : velocity of the structure relative to the ground
  : acceleration of the structure relative to the ground
  : ground acceleration
This equation can be rearranged as:
            

( 5-3 )

The equation of motion is linear in terms of damping and nonlinear in terms of restoring
force as the response during strong ground motion is expected to be inelastic. Central
difference method is the numerical method used to solve the equation of motion defined
in Eq. (5-3) (Appendix C).
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5.2

Damping Identification

Damping identification of structures subjected to ground shaking was investigated by
many researchers. Lepage et al. (2008) identified the best possible combination of
Takeda hysteresis model and damping parameters that lead to the best correlation
between the calculated and the measured dynamic response. Damping ratio was
estimated as a function of the first-mode frequency and predefined by four cases each
of which was used to calculate the dynamic response. The results were then compared
with the measured drift response using frequency domain error index (FDE)
(Dragovich, 1996) which is defined as:


 

      


       


 

( 5-4 )

where:
 : the real component of the complex number of the measured signal at
frequency i
 : the real component of the complex number of the calculated signal at
frequency i
 : the imaginary component of the complex number of the measured signal
at frequency i
 : the imaginary component of the complex number of the calculated signal
at frequency i
 : starting frequency for summation
 : ending frequency for summation
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The FDE index returns a value between zero and 1. The zero designates an ideal
correlation while one indicates a state of out of phase by 180 degrees. In order to
evaluate the FDE index, a Fourier transfer is applied to both the calculated and the
measured drift responses in the time domain to transform them to the frequency
domain. Then the real and imaginary components of the complex numbers are
estimated at each frequency and substituted into Eq. (5-4).

In this study, the damping force is assumed to be linearly proportional with the relative
velocity of the mass. The proportionality constant is the damping coefficient c. The
calculated and the measured responses are analyzed and the FDE index is estimated.
The damping coefficient is modified such that the FDE index is as close to zero as
possible.

5.3

Dynamic Response

Colangelo (2005) conducted pseudo-dynamic tests on thirteen specimens of RC frames
with infill walls. The only specimen that failed by shear in column and for which data
are available is specimen V22. This specimen is considered here to calibrate the
damping coefficient based on the simulation results of the measured response.

Specimen V22 represents a one-half scaled first story of a four story building that is
designed for gravity loads only. The geometry and reinforcements details of the
specimen are shown in Fig. 5.2. The properties required to develop the hysteresis model
are summarized in Table 5.1. This specimen was subjected to the same ground motion
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twice; the first time on the as-built specimen and the second time on the damaged
specimen because of the first motion. The ground motion selected by Colangelo (2005)
for the pseudo-dynamic test is the Friuli ground motion. The 1976 Friuli earthquake,
magnitude 6.5, is one of the strongest earthquakes that hit the south central Europe
(Rogers and Cluff, 1979). The ground motion recorded in Tolmezzo had, in the east–
west direction, a peak ground acceleration of 0.35g, a peak ground velocity of 9.9 in
/sec, and a peak ground displacement of 1.8 in. The acceleration record is obtained
from the Pacific Earthquake Engineering Research Center (NGA Database) (PEER,
2014) and only the significant part of the record (the part used in Colangelo’s test) is
considered for the dynamic response calculation (Fig. 5.3).

The dynamic equation of motion is solved for this specimen on MATLAB as described
in section 5.1. The damping ratio is calibrated until the drift response is correlated with
the measured drift response as best as possible per the FDE index. After the first
pseudo-dynamic test, the value of FDE index based on the calculated and measured
drifts is 0.47. After the second pseudo-dynamic test, the value of FDE index based on
the calculated and measured drift is 0.50.
The estimated damping ratio is as follows:
•

2% of the critical damping in regions (1) and (2-a).

•

4% of the critical damping in regions (2-b), (3), and (4).

The variation of the calculated and the measured drift responses with time are shown
in Fig.5.4 and the calculated drift, relative velocity, and absolute acceleration responses
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are shown in Fig. 5.5. The calculated lateral force-drift curve is compared with the
experimental curve in Fig. 5.6.

5.4

Infilled Frame Assessment

In seismic assessment of RC frames, the capacity of the structure is compared to the
seismic demand based on different limit states. In this study, the shear damage state
(SDS) is defined to represent the limit state for infilled RC frames vulnerable to failure
of at least one column in shear. The shear damage state is defined as the maximum drift
the infilled RC frame can sustain before a reduction in the axial load capacity of
columns. This drift is stated in chapter 3 as  .

All of the specimens listed in Table 3.2 are subjected to the Friuli earthquake Tolmezzo
ground acceleration to simulate their response. The dynamic equation of motion is
solved as described previously. The ground acceleration record is scaled until the
maximum drift in the specimen reaches  . At this instance, the corresponding peak
ground acceleration is identified as the maximum ground acceleration the specimen can
sustain at SDS, i.e., when the shear damage state is reached. The damping ratio is
specified as identified in section 5.3. The dynamic response of these specimens, under
the corresponding scaled ground motion, are shown in Fig. 5.7 through Fig. 5.11. The
maximum peak ground acceleration at SDS versus uncracked period for these
specimens are calculated and shown in Fig. 5.12. By considering specimens at
uncracked period larger than 0.03 seconds, the maximum peak ground acceleration the
infilled frame can tolerate decreases exponentially with the increase of the uncracked
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period. The drift ratio at SDS versus uncracked period for these speciemns are also
calculated and shown in Fig. 5.13. The drift ratio of these specimens ranges between
0.9% and 1.6%.
The peak ground acceleration the specimens can sustain at SDS is linearly proportional
to the relative stiffness parameter (refer to section 3.2). As the the lateral stiffness of
infill wall relative to the lateral stiffness of the RC frame columns increases, the system
can resist stronger ground shaking in terms of acceleration (Fig. 5.14). Even though
stronger infilled frames can tolerate higher excitations, the maximum drift ratio the
system can sustain decreases as relative stiffness parameter exceeds 4 (Fig. 5.15). The
maximum SDS drift ratio found for the specimens considered in this study is 1.6%
which is less than 2% level RC frames designed to resist earthquakes (without taking
infill walls into account during the design process) should be able to sustain.

It has been shown in literature that the performance of RC frames with masonry infill
walls is sensitive to mortar properties. Based on sensitivity study performed by
Stavridis (2009), mortar parameters are the most influential ones on the response of
infilled RC frames. In this study, shear strength and coefficient of friction of mortar
joints are the direct parameters related to mortar joint properties. These parameters
consequently affect the infill wall modulus of elasticity. Lumantarna et al. (2014)
presented the shear strength and coefficient of friction for mortar joints of prism
samples extracted from in-situ unreinforced clay masonry buildings in New Zealand
constructed using lime mortar. The mortar joints that have the maximum shear strength
of 0.062 ksi, have an average coefficient of friction of 0.92 and a prism compressive
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strength of 0.96 ksi. The lowest shear strength obtained was 0.02 ksi with a coefficient
of friction of 0.83 (prism group called AH) and a prism compressive strength of 0.48
ksi (Table 5.2).
It is of interest to study the performance of the specimens evaluated for seismic
performance estimate under the lowest mortar properties attained in Lumantarna et al.
(2014) tests. Accordingly, the peak ground acceleration at SDS is estimated using a
masonry shear strength of 0.02 ksi, coefficient of friction of 0.83, and wall modulus of
elasticity of 478 ksi (Eq. (3.36)). The relative strength and relative stiffness parameters
are calculated for the previously mentioned specimens (i.e. considered for seismic
assessment) but filled with AH wall in order to identify their failure mode. The results
are compared in Fig. 5.16 with the boundary proposed in section 3.2. Filling these
specimens with the weakest wall (per Lumantarna tests) resulted in turning the failure
mode of columns from shear to flexure for two specimens (Fig. 5.16). The failure
modes of the other specimens fall in the transition zone. Accordingly, filling RC frames
with weak walls will reduce the vulnerability of the structure by changing its failure
mode from shear failure in at least one of the columns to flexural in all columns.

The maximum peak ground acceleration versus uncracked period for the as built
specimens and the specimens infilled with AH wall are calculated and shown in Fig.
5.17. By considering specimens with uncracked period larger than 0.03 seconds, the
maximum peak ground acceleration the infilled frame can tolerate decreases with the
increase of uncracked period. Data for uncracked period less than 0.03 seconds are not
enough to draw a conclusion. To get more data points, the performance of all specimens
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considered for the development of hystersis model in chapter 4 but with doubled wall
thickness is studied. The relative strength and relative stiffness parameters are
calculated to identify their failure mode. The results are compared in Fig. 5.18 with the
boundary proposed in section 3.2. Increasing the infill walls thickness increases the
vulnerability of the structure to fail in at least one of the columns in shear. The
maximum peak ground acceleration at SDS is estimated for the specimens vulnerable
to fail in at least one column in shear, based on the failure mode identification method
(Fig. 5.18), and is shown in Fig. 5.19.

A general trend can be considered to represent the maximum peak ground acceleration
at SDS (Fig. 5.19). The curve can be estimated based on the equation:
 




( 5-5 )

where T is the uncracked period of the system.

The drift ratio at SDS versus uncracked period for these specimens are also calculated
for the as-built specimens, specimens infilled with AH wall, and specimens with double
the wall thickness and shown in Fig. 5.20. The drift ratio of these specimens ranges
between 0.9% and 1.8%.

The results of as-built specimens, specimens infilled with AH wall, and specimens with
double the wall thickness confirm the linearly proportional relationship between the
peak ground acceleration at SDS and the relative stiffness parameter defined in section
3.2 (Fig. 5.21). The maximum drift ratio these specimens can sustain without
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experiencing shear failure versus the relative stiffness has the same trend as the original
specimens shown previously (Fig. 5.22). The maximum drift ratio increases with
increase in the relative stiffness until the relative stiffness of 4. A decrease in the
maximum drift ratio occurs as relative stiffness exceeds 4.

5.5

Ductility Ratio and Force Reduction Factor

Ductility is defined as the ability of a structure to undergo large deformations without
any significant loss in capacity during earthquakes (Park, 1989). One measure of
ductility is the ductility ratio which is the ratio of maximum drift the structure reaches
without failure during earthquake to the yield drift. The maximum drift adopted here is
 and is used to investigate the maximum ductility factor RC frames with masonry
infill wall can provide under the maximum ground excitation level without suffering
shear failure, as defined in previous section.

The proposed backbone curve is simplified into an elastic-plastic curve. An example
backbone curve is shown in Fig. 5.23 for specimen 5 tested by Mehrabi et al. (1994).
The absorbed energy represented by the area under the two curves is required to be
identical. The equivalent yield drift (y’) and yield strength (Vy’) then are defined based
on area equivalance and on an initial slope equal to the slope of the line extending from
the origin to the mean of the drifts at yield and at peak strengths of the original proposed
backbone curve. This slope is estimated as
 

 

 
   
 

  

( 5-6 )
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The

calculated values

of the elastic-plastic curve identification points for the

specimens metioned in Table 3.2 are summarized in Table 5.3. The ductility factor then
is estimated as:


   


( 5-7 )

The ductility ratio is plotted against the uncracked period of these specimens in Fig.
5.24.

In literature, a factor relevant to ductility is the “Force Reduction Factor, R” (Pauley
and Priestley, 1992). This factor reflects the effect of inelastic response of a structure
subjected to ground shaking relative to its response if it was designed to remain elastic.
In this study, the specimens considered for dynamic assessment is subjected to the
maximum ground shaking (such that the maximum drift does not exceed the drift
associated with loss of the axial capacity, sh) while it is assumed linear elastic with
modulus of elasticity equals to Ke. The maximum shear force in the SDOF system used
to model each specimen is denoted as Ve. Accordingly, the “R” factor is estimated as
the ratio of maximum elastic shear force under the maximum ground shaking (the
maximum drift under this shaking does not exceed the shear damage state) relative to
the equivalent yield shear strength (Fig. 5.25) and represented as:


   



( 5-8 )

The value of this factor for each specimen is given in Table 5.3 and shown versus the
uncracked period in Fig. 5.26. A period dependent trend in which R increases with
increase in uncracked period is noticed. The force reduction factor relationship to
ductility factor is studied by many researchers for reinforced concrete structures such
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as Veletsos and Newmark (1960). Two criteria were developed based on the period of
the structure. The equal energy criterion was considered for short period structure.
Based on this criterion, the maximum energy stored in the elastic structure (represented
by the area under the elastic curve) and the energy under the elastic-plastic curve in the
inelastic structure are set to be equal. This requires the area of the region denoted as (a)
in Fig. 5.25 to be equal to area of the region denoted as (b) in the same figure. Using
this equivalence and based on Eq. (5-7) and Eq. (5-8), the force reduction factor is
related to ductility factor as
    

( 5-9 )

The force reduction factor versus ductility factor is estimated for each specimen based
on Eq. (5-7) and Eq. (5-8) are shown in Fig. 5.27. The relationship developed by
Veletsos and Newmark (1960) is shown on the same figure for comparison. The
estimated force reduction factor is less than what is calculated based on equal energy
method for each specimen except for V22. Specimen V22 satisfies the equation
developed by Veletsos and Newmark (1960) as expected since it lies in the transition
zone between flexural failure and shear failure in the failure mode identification chart
(Fig. 3.4).

The relationship between force reduction factor and the uncracked period at SDS
confirms the fact that infill walls increases the strength of the system and move it
toward elastic behavior under specific range of earthquakes where the RC frame by
itself will exceed the elastic range under the same range of earthquakes. But on the
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other hand infill walls put RC frames in a worse failure mode, implying increased
likelihood of brittle failure during strong ground motions.
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Table 5.1: Proposed backbone curve parameters for specimen V22 (Colangelo, 2005)
Frame
Reinforcement
Masonry
Infilled-Frame
Parameters
Parameters
Parameters
Parameters
2
7.87 in
0.31 in
51.2 in
56.1 in
bc
Ast
hw
h
2
7.87 in
0.09 in
90.6 in
98.43 in
hc
Av
Lw
L
5.98 in
0.315 in
2.5 in
110 kips
d
db
tw
P
6 ksi
80 ksi
3.6 ksi
f'c
fy
fm
4415
ksi
82
ksi
0.33
ksi
Ec
fyv
fp
214 k-in
29000 ksi
570 ksi
My
Es
Ew
0.0009
5.9 in
0.7
øy
s
µ
228 k-in
0.08 ksi
Mp
C

Table 5.2: Shear strength and friction parameters of masonry (Lumantarna et al.,
2014)
Prism Group
f'p (ksi)
f'm (ksi)
C (ksi)
µ
Ew
AH
0.48
0.18
0.02
0.829
479
CFK
1.07
0.60
0.04
0.829
1073
HC
0.96
1.24
0.06
0.917
957
TA
1.75
0.86
0.05
0.842
1755
RB
2.13
0.96
0.06
0.907
2132

Table 5.3: Ductility demand and force reduction values of specimens failed by shear
Test ID
Ve (kip) e (in)
R
Vy' (kip) Y' (in) M (in)
µ
Mehrabi (1996)
Spec. 5
166.4
0.24
3.2
51.8
0.076
0.90
11.9
Spec. 11
134.5
0.17
2.4
56.8
0.071
0.92
12.9
Colangelo (2005)
V22
130.7
0.29
3.8
34.9
0.078
0.59
7.5
Starvidis (2009)
Small-Scale
21.5
0.01
1.3
16.5
0.009
0.30
32.3
Specimen
CU1
205.1
0.27
1.7
117.6
0.092
0.82
8.9
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Figure 5.1: Infilled RC frame representation as SDOF structure
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Figure 5.2: Specimen (V22) dimensions and reinforcement details (Colangelo, 2005)
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Figure 5.3: 1976 Friuli earthquake Tolmezzo EW acceleration record
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Figure 5.4: Calculated and measured displacement history of specimen V22 tested by
Colangelo (2005) and subjected to Friuli earthquake two times after each other
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Figure 5.5: Calculated dynamic response of specimen V22 tested by Colangelo
(2005) and subjected to Friuli earthquake two times after each other
60

Lateral Load (kips)

40

20

0

-20

-40

-60
-2

Proposed Hysteresis Model
Experimental Results
-1.5

-1

-0.5

0
Drift (in)

0.5

1

1.5

Figure 5.6: Calculated and measured lateral load-drift curve of specimen V22 tested
by Colangelo (2005)
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Figure 5.7: Calculated lateral load-drift curve of spec5 tested by Mehrabi (1994) and
subjected to scaled Friuli record
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Figure 5.8: Calculated lateral load-drift curve of spec11 tested by Mehrabi (1994) and
subjected to scaled Friuli record
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Figure 5.9: Calculated lateral load-drift curve of specimen V22 tested by Colangelo
(2005) and subjected to scaled Friuli record
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Figure 5.10: Calculated lateral load-drift curve of the small-scale specimen tested by
Stavridis (2009) and subjected to scaled Friuli record
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Figure 5.11: Calculated lateral load-drift curve of CU1 tested by Stavridis (2009) and
subjected to scaled Friuli record
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Figure 5.14: Maximum ground acceleration the specimens can sustain before shear
failure versus the relative stiffness parameter
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Figure 5.17: Maximum ground acceleration of the specimens at SDS versus uncracked
period
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Figure 5.18: Relative stiffness parameter versus relative strength parameter for
specimens with doubled infill wall thickness
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Figure 5.19: Maximum Ground Acceleration at SDS versus uncracked period
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Figure 5.20: The maximum drift ratio the specimens can sustain before shear failure
versus uncracked period
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Figure 5.21: Maximum ground acceleration the specimens can sustain before shear
failure versus the relative stiffness parameter
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Figure 5.22: Maximum drift ratio the specimens can sustain before shear failure
versus the relative stiffness parameter
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Figure 5.23: Simplified elastic-plastic model for ductility calculation
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Figure 5.24: Ductility factor under maximum ground shaking the specimens can sustain
before shear failure versus uncracked period
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Figure 5.26: Force reduction factor R under maximum ground shaking the specimens
can sustain before shear failure versus uncracked period
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shaking the specimens can sustain before shear failure
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CHAPTER 6. FINITE ELEMENT MODELING

6.1

Introduction

Finite element (FE) analysis has become commonly used in recently and FE
commercial programs are available to facilitate analysis of structural systems and
calibration based on experimental data. Once calibrated, FE models can be used to
estimate the performance of the subject structures under different conditions. Infilled
reinforced concrete frames are such complex systems that are characterized by
interaction of their multiple components across interfaces. The presence of interfaces
is a defining feature of complex systems and the component-to-component interaction
along these interfaces often determines the behavior of the system as a whole.

The quantification and qualification of the interaction along the frame-infill and brickto-brick interfaces during a seismic event using the techniques of numerical simulation
is challenging task. In this study, different techniques are used to simulate numerically
the structural frame-infill wall and brick-to-brick interactions under monotonic and
cyclic loads. A nonlinear interface model is used to simulate the load transfer in the
mortar connecting the frame to the infill and the bricks together in the presence of large
deformations and material nonlinearity, in addition to the presence of damage along
these interfaces. A number of coupling techniques available in ABAQUS 6.11-1 are
investigated. The numerical models are calibrated using data from relatively simple
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tests and used to simulate more comprehensive tests with results compared with
experimental data from such tests.

The element discretization and constitutive models of materials and interfaces have
been selected to capture the most common expected modes of failures of components
and interfaces. The proposed model overcomes the difficulties of predefining shear
crack initiation and propagation planes manually, the long computational time to run
these models, and the tedious calibration process encountered in discrete models. The
proposed model is calibrated first to capture the monotonic response, i.e. the failure
mode, crack pattern, and material behavior of infilled RC frames in the loading regime.
Then the stiffness and strength degradation under cyclic loading are simulated to study
unloading-reloading regime. These models can be used in future research to extend the
developed hysteresis model here for RC frames infilled with masonry walls with
complex configurations such as RC frames infilled with partial height walls or RC
frames infilled with walls with openings or multi-bay multi-story infilled RC frames.

6.2

Finite Element Analysis Scheme

This chapter considers reinforced concrete frames with masonry infill wall made of
concrete blocks with horizontal and vertical mortar joints. In design, typically, infill
walls are treated as non-structural elements even though they often interact with the
RC frame, i.e., the structural system. RC frames with masonry infills typically fail
during strong earthquakes through a failure mechanism different than what they were
designed for. ABAQUS 6.11-1 commercial software is used to develop comprehensive
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nonlinear finite element models that can capture the most possible failure mechanisms.
These models can be used to estimate the in-plane response of these systems in low to
mid height buildings.

Different techniques available in ABAQUS 6.11-1 analysis software (ABAQUS, 2011)
are investigated to model infilled RC frame systems under monotonic and cyclic
loadings. A 3D representative model that considers large deformations and material
nonlinearity capabilities is developed. The finite element discretization and constitutive
models of materials and interfaces have been selected to capture all expected modes of
failures of components and interfaces, namely, compressive crushing and tensile
cracking of concrete, compressive crushing and tensile splitting of bricks, shear or
tensile fracture in mortar joints, and steel reinforcement yielding. The new model can
also capture diagonal cracking and sliding shear cracking in the infill walls. Existing
models (e.g. Stavridis and Shing (2010) and Koutromanos et al. (2011)) capture these
two key failure modes of infill walls only with prior knowledge of crack locations and
orientations or using excessive number of material parameters which result in overcalibration and lack of model robustness.

6.3

Finite Element Discretization

Reinforced concrete frame is modeled as a composition of truss elements of steel
reinforcement embedded into 3D stress hexahedra elements of concrete (Fig. 6.1). Infill
wall is built from bricks bonded together by horizontal and vertical mortar joints. It is
discretized such that cohesive interfaces are placed in the middle of mortar joints
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leaving a part composed of brick and half thickness of mortar around it (Fig. 6.2).
Continuum 3D stress hexahedral elements of bricks and mortar are able to interact with
cohesive interfaces to model the diagonal shear cracking of the wall without prior
knowledge of crack location and orientation and without excessive involvement of
cohesive interfaces within brick units themselves. By mortar joint interface
implementation, the model of an infill wall can capture the sliding shear cracking in
the infill walls and overcome the excessive distortion of mortar along these interfaces.
Besides, the frictional resistance is directly incorporated after the cohesive strength
starts to diminish along these interfaces. Cracks along the brick-mortar interfaces are
captured by the continuum material model.

6.4

Constitutive Models

Several continuum constitutive models are available in ABAQUS to represent the
brittle behavior of concrete (in bricks and frame members) and ductile behavior of steel.
ABAQUS provides various interface and contact models. The specific models used in
this study are described below with brief description of their suitability to modeling RC
frames with concrete block infill walls.

6.4.1

Constitutive Model of Concrete

Discrete crack models were used successfully to model cracking shear in concrete and
masonry walls (Stavridis and Shing (2010) and Koutromanos et al. (2011)). But these
models have some drawbacks, namely; the expected shear crack initiation and
propagation planes need be predefined manually, the large computational time to run
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these models, and the tedious calibration process. The continuum material models can
also be used to simulate shear cracks in concrete (Malm and Holmgren, 2008). The
local variation in concrete properties can initiate cracks due to concrete heterogeneity
which makes continuum material model more suitable for simulating cracks in concrete.

The Concrete Damaged Plasticity model, available in ABAQUS, is a continuum model
that is developed to model behavior of brittle materials subjected to monotonic or cyclic
loading. This model uses the damaged elasticity, and tension and compression plasticity.
The damaged elasticity is defined by scalar parameters that describe the unrecovered
damage that occurs during tensile cracking and compressive crushing under cyclic
loading as
     

( 6-1 )

where  is the initial modulus of elasticity and  is the damaged modulus of elasticity.
The parameter  represents the damage variable which is defined as a function of
inelastic strain. The transition from tension to compression and vice versa is another
important aspect that is considered in modeling the concrete response under cyclic
loadings. This includes closing of cracks and partially recovering the compressive
stiffness when the load changes from tension to compression. Also, total or partial
recovery of tensile stiffness is expected when uncrushed or partially crushed concrete
undergo tensile loading.
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6.4.1.1 Plasticity of Concrete under Compression
The plasticity of concrete under compression is described by the hardening and
softening behavior of concrete under uniaxial test (see Fig. 6.3). This behavior of
unconfined concrete is modeled based on Tsai’s equation (Tsai, 1988) in the form of













( 6-2 )



where   ,    , and  and  are parameters to control the shape of the curve.




Compression test of a concrete cylinder is performed on ABAQUS and compared to
experimental outcomes of Mehrabi et al. (1994) (Fig.6.4).

The enhanced strength and ductility of concrete in columns due to the confinement
provided by transverse reinforcement (stirrups) is considered in this study. Richart et
al. (1928) defined the peak strength and strain of concrete under hydrostatic fluid
pressure as
     

( 6-3 )





      


( 6-4 )

where  is the concrete strength under a confining pressure of  ,  is a factor taken
as 4.1, and    .These expressions have been adopted by Chang and Mander
(1994) with different formulations to define  and  . They are stated as
 

 

( 6-5 )




     

( 6-6 )

where
 

 


( 6-7 )
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( 6-8 )
( 6-9 )

 and  are the confining pressure in the 1- and 2- directions due to stirrup size and
distribution (Chang and Mander, 1994). “r” equals 1 for symmetric lateral pressure.
Popovics’ relation was modified by Thorenfeldt et al. (1987) and used here to develop
the monotonic stress-strain curve of confined concrete in the form of


  


( 6-10 )



where   ,    , and “k” is taken as 1 for the ascending branch and greater than




1 for the descending branch such that the compressive stress at failure is


       

( 6-11 )

where  is the reduction in compressive strength when 3 is reached and  






.

In this study, the damage-strain curve is defined after the peak strength in compression
is reached and the value of damage parameter is equal to the ratio of the relative
reduction in stress from that achieved at peak strength at each strain level.
6.4.1.2 Plasticity of Concrete under Tension
The tensile behavior of concrete is modeled as elastic until strength limit is reached.
The plastic branch is modeled to simulate the load transfer across cracks to steel bar
through what is called “tension stiffening” (ABAQUS, 2011). For the concrete material
defined for the foundation, the stress-strain relation of tension stiffening is defined
based on Tsai’s equation as:




 







( 6-12 )
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where    ,     ,  and  are parameters to control the shape of the curve. The




damage-strain curve is defined after the peak strength in tension is reached and the
damage parameter value is equal to the ratio of the relative reduction in stress from that
achieved at peak strength at each strain level. After defining tensile and compressive
damage and recovery parameters, cyclic response of concrete cylinder can be estimated
(see Fig. 6.5).

For the concrete material defined for the frame, the plastic branch of tensile behavior
is modeled based on stress-displacement response defined by Cornelissen et al. (1986)
rather than a stress-strain response to avoid mesh sensitivity. This is related to the fact
that when concrete cracks across some section within frame members, the crack length
is determined based on the amount of opening across the crack which does not depend
on size of that member (ABAQUS, 2011). According to Cornelissen et al. (1986), the
stress distribution on the crack tip zone depends on the stress-displacement relationship
and the crack geometry. The normalized stress-displacement curve was modeled as an
envelope curve of specimens tested under various regimes of cyclic loadings. It is
expressed as:
              


( 6-13 )



where    ,     . The values of  ,  , and  were estimated based upon




regression analysis. The stiffness degradation during the cyclic loading as a function of
crack opening were given by Cornelissen et al. (1986) and considered in this study.
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6.4.2

Constitutive Model of Steel

An elastic-plastic model is used to simulate uniaxial response of embedded steel
reinforcement bars. The inelastic behavior of steel subjected to cyclic loadings is
modeled by nonlinear kinematic hardening using test data from a stabilized-state stressstrain results. For reinforcing bars with grade 60 steel, the model is calibrated based on
the tests conducted by Ma et al. (1976) and the stress-strain curve of experimental
results are compared with ABAQUS results in Fig. 6.6. This constitutive model is also
used for stirrups and calibrated based on experiments by Panthaki (1991) and the stressstrain curve of experimental results are compared with ABAQUS outcomes in Fig. 6.7.

6.4.3

Constitutive Model of Mortar and Bricks

The Concrete Damaged Plasticity model is also used for brick and mortar materials
(plain concrete). The compressive plasticity is defined as before for the unconfined
concrete. The tension plasticity modeling of bricks is defined based on stressdisplacement response. For tension softening, a relation defined by van der Pluijm
(1992) is used and expressed as:


      


( 6-14 )

where  is the tensile strength of brick taken as  and  is the compressive
strength of concrete blocks.  is the first mode of fracture energy, and  is the crack
opening displacement. The damage-strain curve is defined after the peak strength in
tension and compression are reached and the damage parameter value is equal to the
ratio of the relative reduction in stress from that achieved at peak strength at each strain
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level. The 3-brick prism tested by Mehrabi et al. (1994) is compared to ABAQUS
results under compression test and shown in Fig. 6.8.

6.4.4

Mortar Joint Interface

Cohesive behavior is enforced between surfaces located at the middle of mortar
segment thickness prior to damage (Fig. 6.2). This behavior represents the interaction
between these surfaces based on traction versus separation law. Damage is modeled to
simulate the reduction and failure of cohesive interface. Damage is modeled over two
steps: damage initiation and damage evolution.

Damage initiation follows a quadratic stress criterion of contact stress ratios, and is
represented as:












           






( 6-15 )

where  , , are nominal traction stress components, and  ,  , are peak
values of the contact stress when the separation is either purely normal to the interface
(tensile) or purely in the first or the second shear direction in plane, respectively.

Once the damage initiation criterion is met, a linear damage evolution law is defined to
simulate the rate at which the cohesion stiffness degrades. Accordingly, the friction
model is activated and ramped up in proportion to the degradation rate of the cohesive
stiffness. At this stage, the shear stress is represented as a combination of cohesion and
friction until all cohesion is lost and the only contribution is from the friction model.
The whole material and interface models of brick and mortar described before are
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implemented in ABAQUS to simulate the response of prisms tested by Mehrabi et al.
(1996). These prisms consist of two solid concrete blocks and a mortar placed along
the bed joint. They were subjected to a range of compressive loads, applied on the
bricks perpendicular to joint bed orientation, before shear force is applied. Results are
compared to experiments in Figs. 6.9 through 6.12 for solid blocks and Figs. 6.13 and
6.16 for hollow blocks. The simulation results compare very well with tests. The
interface model is applied to all infill wall interfaces (horizontal and vertical joints) as
described in the next section.

6.5

Integrated RC Frame with Masonry Infill wall

The RC frames and infill masonry walls interact through cohesive interfaces applied
around the wall panel. These interfaces also represent the middle surface of mortar that
lies between the frame and the wall.

Simulation results from the proposed model of integrated RC frame with infill wall are
compared with experimental data provided by Mehrabi et al. (1996). These tests
provide a database of in-plane response of infilled RC frames to monotonic and cyclic
loading. The relative stiffness and strength of RC frames to infill walls have been
studied by testing two types of frames and infill walls (Table 6.1). Specimens are ½
scale and designed to represent first story infilled interior frame of a typical office
building. The prototype structure is a six-story three-bay RC frame system infilled with
masonry walls in the middle bay only.

121
The results of the tensile damage distribution of the proposed model representing five
specimens (specimens 1, 2, 3, 8 and 9 in Mehrabi et al. (1996) tests) tested
monotonically are shown in Fig. 6.17 through Fig. 6.21. Since the tensile damage
parameter at each integration point is a function of the cracking strain and its value
increases with increase in cracking strain, these figures present the cracking pattern of
specimens and can be compared with the experimental failure patterns. Following
Lubliner et. al. (1989), the crack initiation is assumed at points where the tensile
equivalent plastic strain is greater than zero and the maximum principal plastic strain
is positive. Accordingly, the major crack location in infill wall and in frame are shown
in Fig. 6.22 through Fig. 6.25 for specimens 2, 3, 8, and 9, respectively. The major
crack is identified by element deletion based on the maximum plastic strain within the
wall and within the frame separately (since their material definitions are different and
accordingly so are the strain levels at failure). In the same figures, the axial stress
distribution of reinforcement is presented. The shear failure on the windward column
are clear for specimen 3 and specimen 9 (Fig. 6.23 (b) and Fig. 6.25 (b)).

The lateral shear force versus drift curves for those specimens are shown in Fig. 6.26.
The response agrees well with experimental data except in specimen 2 where a large
lateral force was applied to the specimen that cracked the infill before data were
recorded. Hence, the base shear-drift curve for specimen 2 represents the post-cracking
behavior of the specimen. The result of the proposed model for another specimen
designed like specimen 9, specimen 5, but tested under cyclic loadings is shown in Fig.
6.27. The response agrees well with experimental data, and failure mode of this
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numerical model compares well with the actual, experimental specimen (Fig. 6.28).
The major crack location in infill wall and in frame is shown in Fig. 6.29. The major
crack is identified by element deletion based on the maximum plastic strain within the
wall and within the frame.
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Table 6.1: Details of Mehrabi et al. (1996) specimens
Specimen

Infill wall

Vertical load (kips)

Lateral Load

Spec 1

-

Col. (66)

Monotonic

Spec 2

Hollow

Col. (66)

Monotonic

Spec 3

Solid

Col. (66)

Monotonic

Spec 5

Solid

Col. (44)/beam(22)

Cyclic

Spec 8

Hollow

Col. (44)/beam(22)

Monotonic

Spec 9

Solid

Col. (44)/beam(22)

Monotonic
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Figure 6.1: Finite element discretization of reinforced concrete frame
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Figure 6.2: Finite element discretization of infill wall
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Figure 6.3: Calculated stress-strain curve of confined and unconfined concrete grade
of 4 ksi
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Figure 6.4: Stress-strain curve for compression test of concrete cylinder (compressive
strength=3.73 ksi)
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Figure 6.5: Stress-strain curve of concrete cylinder under cyclic loading
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Figure 6.6: Stress-strain curve of steel reinforcing bars under cyclic loading
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Figure 6.7: Stress-strain curve of stirrups under cyclic loading



































Figure 6.8: Stress-strain curve for compression test of solid masonry prism (Mehrabi
et al., 1994)

128




































Figure 6.9: Shear stress-shear displacement curve of mortar joint between two solid
concrete bricks under 50 psi normal stress (Mehrabi et al., 1994)








































Figure 6.10: Shear stress-shear displacement curve of mortar joint between two solid
concrete bricks under 75 psi normal stress (Mehrabi et al., 1994)
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Figure 6.11: Shear stress-shear displacement curve of mortar joint between two solid
concrete bricks under 100 psi normal stress (Mehrabi et al., 1994)



































Figure 6.12: Shear stress-shear displacement curve of mortar joint between two solid
concrete bricks under 150 psi normal stress (Mehrabi et al., 1994)
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Figure 6.13: Shear stress-shear displacement curve of mortar joint between two
hollow concrete bricks under 50 psi normal stress (Mehrabi et al., 1994)



































Figure 6.14: Shear stress-shear displacement curve of mortar joint between two
hollow concrete bricks under 75 psi normal stress (Mehrabi et al., 1994)
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Figure 6.15: Shear stress-shear displacement curve of mortar joint between two
hollow concrete bricks under 100 psi normal stress (Mehrabi et al., 1994)






































Figure 6.16: Shear stress-shear displacement curve of mortar joint between two
hollow concrete bricks under 150 psi normal stress (Mehrabi et al., 1994)
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(a)

(b)
Figure 6.17: Deformed shape of Specimen 1 (a) ABAQUS model (b) Experiment
photo by Mehrabi et al. (1994)
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(a)

(b)
Figure 6.18: Deformed shape of Specimen 2 (a) ABAQUS model (b) Experiment
photo by Mehrabi et al. (1994)
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(a)

(b)
Figure 6.19: Deformed shape of Specimen 3 (a) ABAQUS model (b) Experiment
photo by Mehrabi et al. (1994)

135

(a)

(b)
Figure 6.20: Deformed shape of Specimen 8 (a) ABAQUS model (b) Experiment
photo by Mehrabi et al. (1994)
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(a)

(b)
Figure 6.21: Deformed shape of Specimen 9 (a) ABAQUS model (b) Experiment
photo by Mehrabi et al. (1994)
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(a)

(b)
Figure 6.22: Crack pattern of specimen 2 tested by Mehrabi et al. (1994) for (a) infill
wall and (b) frame
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(a)

(b)
Figure 6.23: Crack pattern of specimen 3 tested by Mehrabi et al. (1994) for (a) infill
wall and (b) frame
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(a)

(b)
Figure 6.24: Crack pattern of specimen 8 tested by Mehrabi et al. (1994) for (a) infill
wall and (b) frame
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(a)

(b)
Figure 6.25: Crack pattern of specimen 9 tested by Mehrabi et al. (1994) for (a) infill
wall and (b) frame
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Figure 6.26: Base shear- story drift curve of weak frame infilled with brick wall.
Experimental data are from Mehrabi et al. (1994)

































Figure 6.27: Base shear- story drift curve of weak frame infilled with solid brick wall
(Specimen 5 in Mehrabi et al. (1994))

142

(a)

(b)
Figure 6.28: Deformed shape of Specimen 5 (a) ABAQUS model (b) Experiment photo
by Mehrabi et al. (1994)
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(a)

(b)
Figure 6.29: Crack pattern of specimen 5 tested by Mehrabi et al. (1994) for (a) infill
wall and (b) frame
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CHAPTER 7. SUMMMARY AND CONCLUSIONS

7.1

Summary

Experimental research on the response of RC frames with infill walls is rich with
specimens in which columns failed by flexure. Less data are available for cases with
shear type of failure. The existing data identify the factors that affect the in-plane
response and are used further in this study to develop a practical tool for engineers to
recognize when RC frame that is not prone to shear failure is infilled with masonry wall
might result in shear failure of at least one column. The relative stiffness and strength
of infill wall to RC frame are considered to be the key parameters. These parameters
incorporate the effects of material properties and frame-infill configuration of the
system.

The development of a hysteresis model under load reversals is described to present the
infilled frame as a single degree of freedom (SDOF) system. By solving the dynamic
equilibrium equation, the ultimate damage state under a given ground shaking is
identified. The restoring force at each time step is estimated from the proposed
hysteresis model. Performance-based seismic assessment of RC frames with masonry
infill walls is made to compare the capacity of the system (shear damage state) to the
seismic drift demand. The shear damage state is defined as the maximum drift the

145
infilled RC frame can reach for before a reduction on the axial load capacity of the
failing column.

The ductility and force reduction factors are defined to reflect the effect of inelastic
response of infilled RC structure subjected to ground shaking relative to its response if
it was designed to stay elastic. These factors are investigated for specimens considered
in this study and subjected to the maximum ground shaking before shear damage state
is reached.

The ability to qualify and quantify the nature of the interaction along the frame-infill
and brick-to-brick interfaces is presented under cyclic loadings using the finite element
methods. Different techniques available in ABAQUS 6.11-1 software are investigated
to model behavior of infilled RC frame systems under monotonic and cyclic loadings.
A 3D numerical model that accounts for large deformations and material nonlinearity
is developed. The finite element discretization and constitutive model selection of
materials and interfaces are presented such that all expected modes of failures of
components and interfaces are captured, namely, compressive crushing and tensile
cracking of concrete, compressive crushing and tensile splitting of bricks, shear or
tensile fracture in mortar joints, and reinforcement yielding. The developed model can
also capture diagonal cracking through bricks and sliding shear cracking in the infill
walls.
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7.2

Conclusions

The results of this study are based on sixteen RC frames with unreinforced infill walls
tested under in-plane monotonic, cyclic, and pseudo-dynamic load. The aspect ratio
(  considered ranges from 0.48 to 0.76. Concrete compressive strength ranges
from 3.6 ksi to 7.5 ksi. The mortar compressive strength ranges from 0.7 ksi to 3.6 ksi
and the masonry prism strength ranges from 0.24 ksi to 3.5 ksi. This study resulted in
five conclusions:

1) A threshold line is suggested between relative strength and relative stiffness of
reinforced concrete frame with masonry infill wall to identify the frame mode
of failure. The line connects relative strength of four and relative stiffness of
zero to relative strength of zero and relative stiffness of four. All of the
specimens that fall below the line have columns failed by flexure and most of
specimens that fall above the line has at least one column failed by shear with
some safety.

2) An hysteresis model is developed to estimate the in-plane response of an RC
frame with masonry infill wall subjected to loading reversals. The backbone
curve is developed first to provide an envelope where reversals will occur
within. Then the loading-unloading rules are outlined. This model provides a
tool to represent infilled frame as a single degree of freedom (SDOF) system
for dynamic in-plane response analysis. The hysteresis model developed in this
study can be used to estimate the restoring force that develops in the structure.
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3) RC frames with masonry infill walls are evaluated by comparing the
displacement demand during earthquake ground shaking to the capacity of the
structure at shear damage state. The shear damage state (SDS) is identified as
the maximum drift the infilled RC frame can sustain before a reduction in the
column axial load carrying capacity. The maximum ground acceleration the
specimens can undergo at SDS is linearly proportional with the relative stiffness
parameter while the maximum drift ratio decreases as relative stiffness exceeds
four. The sensitivity to mortar properties is investigated for shear-critical
infilled RC frames. It is concluded that filling RC frames with infill walls using
weak mortar might reduce the vulnerability of the columns to fail in shear. The
use of double wythe of infill walls increases the vulnerability of the structure
by increasing the likelihood of shear failure in at least one of the columns.
4) The ductility ratio is inversely proportional to the uncracked period of shear
critical infilled RC frames at SDS. The force reduction factor is linearly
proportional with uncracked period which implies that infill walls increase the
strength of the system and move it toward elastic behavior under a specific
range of earthquakes where the RC frame by itself will exceed the elastic range
under the same range of earthquakes. On the other hand, infill walls put RC
frames in a worse failure mode and lower deformation capacity, implying an
increased likelihood of brittle failure during strong ground motions.
5) This study investigated the ability of numerical non-linear finite element
models to predict the performance of RC frames infilled with masonry walls. It
is shown that calibrated finite element models can serve as a beneficial tool for
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further study of infilled frames. A continuum Concrete Damage Plasticity
model in conjunction with cohesive-friction interfaces along mid-thickness of
mortar joints were capable of simulating the behavior of infilled frames under
monotonic and cyclic loadings. Damage parameters and stiffness recovery
defined previously resulted in cyclic response in good agreement with
experimental data. Few geometric and physical properties are needed for these
simulations compared to discrete model approaches used by previous
researchers and that require predefining the expected shear crack initiation and
propagation planes manually, extensive computational effort to run simulations,
and tedious calibration process. The proposed modeling procedure holds
promise and will be used to extend the developed hysteresis model for this type
of construction under various geometric configurations including opening,
multi-bay, multi-story systems during various types of ground motion.

7.3

Recommendations for Future Work

Recommendations for future work are summarized as
1) The hysteresis model should be extended to accommodate multi-bay frames
with masonry infill walls.
2) The hysteresis model should be extended to accommodate the effect of
openings in the masonry infill wall.
3) The out-of-plane stiffness should be incorporated into the hysteresis model in
addition to the in-plane stiffness.
4) A study of the confined masonry structures should be conducted.

131

LIST OF REFERENCES

149

LIST OF REFERENCES

ABAQUS Analysis User’s Manual Online Documentation (2011). (Version 6.11).
Dassault Systèmes Simulia Corp., Providence, RI, USA.
ACI committee 318. (2011). Building Code Requirements for Structural Concrete and
Commentary. American Concrete Institute (ACI), Farmington Hills, Michigan.
Al-Chaar, G. (1998). “Non-Ductile Behavior of Reinforced Concrete Frames With
Masonry Infill Panels Subjected to In-Plane Loading.” USACERL Technical
Manuscript 99/18.
Al-Chaar, G. and Mehrabi, A.B. (2008). “Constitutive Models for Nonlinear Finite
Element Analysis of Masonry Prisms and Infill Walls.” ERDC/CERL TR- 08-19.
Barua, H.K. and Mallick, S.K. (1977). “Behaviour of mortar infilled steel frames under
lateral load.” Building and Environment, Vol. 12 (4), pp.263-272
Bertero, V.V. and Brokken, S.T. (1983). “Infills in Seismic Resistant Building.” J. of
Structural Eng., Proc. of the ASCE, ST6, 109 (6):1337-1361.
Chang, G.A. and Mander, J.B. (1994). “Seismic Energy Based Fatigue Damage Analysis
of Bridge Columns: Part 1 – Evaluation of Seismic Capacity.” NCEER Technical
Report No. NCEER-94-0006, State University of New York, Buffalo, N.Y.
Citto, C. (2008). “Two-Dimensional Interface Model Applied to masonry structures.”
Master’s Thesis. University of Colorado at Boulder.
Colangelo, F. (2005). “Pseudo-dynamic seismic response of reinforced concrete frames
infilled with non-structural brick masonry.” Earthquake Engng Struct. Dyn.
34:1219–1241.
Collins, M.P. and Mitchell, D. (1991). “Prestressed Concrete Structures.” Prentice-Hall,
Inc., Englewood Cliffs, N.J., 766 pp.
Commission of the European Communities (1988) Eurocode 8: Structures in Seismic
Regions -Design, ISBN 92-825-9914-0.

150
Cornelissen, H. A. W., Hordijk, D. A., and Reinhardt, H. W. (1986). “Experimental
determination of crack softening characteristic of normal weight and lightweight
concrete.” HERON 31 (2), 45-56.
Dhanasekar, M. and Page, A.W. (1986). “The Influence of Brick Masonry Infill Properties
on the Behavior of Infilled Frames.” Proceedings of the Institute of Civil
Engineers, part 2, vol. 81, no. 9061.
Dragovich, J. (1996). “An Experimental Study of Torsional Response of Reinforced
Concrete Structures to Earthquake Excitation.” Ph.D. thesis submitted to the
Graduate College of the University of Illinois, Urbana-Champaign, 623 p.
Elwood, K.J. and Moehle, J.P. (2003). “Shake Table Tests and Analytical Studies on the
Gravity Load Collapse of Reinforced Concrete Frames.” PEER Report Series,
2003/01.
Fiorato, A.E., Sozen, M.A., and Gamble, W. L. (1970). “An investigation of the interaction
of reinforced concrete frames with masonry filler walls.” Technical Report No.
UILU-ENG 70-100, University of Illinois, Urbana-Champaign, IL.
Halder, P., Singh, Y., and Paul, D.K. (2013). “Identification of seismic failure modes of
URM infilled RC frame buildings.” Engineering Failure Analysis, vol. 33, pages
97-118.
Hassan, A.F. and Sozen, M.A. (1997). “Seismic Vulnerability Assessment of Low-Rise
Buildings in Regions with Infrequent Earthquakes.” ACI Structural Journal, Vol.
94, No.1.
Hetenyi, M. (1946). “Beams on elastic foundation.” University of Michigan Press, Ann
Arbor.
Holmes, M. (1961). “Steel Frames with Brickwork and Concrete Infilling.” Proceedings
of the Institution of Civil Engineers, vol. 19, no. 6501.
Irfanoglu, A. (2009). “Performance of template school buildings during earthquakes in
Turkey and Peru.” J. Perform. Constr. Facilities, 23(1):5-14.
James E. Amrhein (1998). “Reinforced Masonry Engineering Handbook: Clay and
Concrete Masonry.” MIA and CRC Press, Los Angeles, Calif., Fifth Edition.
King, G. J.W. and Pandey, P.C. (1978). “The Analysis of Infilled Frames Using Finite
Elements.” Proceedings of the Institution of Civil Engineers, part 2, vol. 65, no.
8145.

151
Klingner, R.E. and Bertero, V.V. (1978). “Earthquake Resistance of Infilled Frames.” J. of
the Structural Division, Proc. of the ASCE, ST6, 104 (6):973-989.
Koutromanos, I., Stavridis, A., Shing, P.B., and Willam, K. (2011). “Numerical modeling
of masonry-infilled RC frames subjected to seismic loads.” Computers and
Structures, 89, pp. 1026-1037.
Lepage, A., Delgado, S.A., and Dragovich, J.J. (2008). “Appropriate Models for Practical
Nonlinear Dynamic Analysis of Reinforced Concrete Frames.” The 14th World
Conference on Earthquake Engineering, Beijing, China.
Leuchars, J.M. and Scrivener, J.C. (1973). “Masonry Infill Panels Subjected to Cyclic InPlane Loading.” Bulletin of the New Zealand National Society for Earthquake
Engineering, vol. 9, no. 2.
Liauw, T.C. and Kwan, K.H. (1984). “Nonlinear behavior of non-integral infilled frames.”
Computers and Structures, 18, 551-560.
Liauw, T. C., and Kwan, K. H. (1985). “Unified plastic analysis for infilled frames.” J. of
Structural Eng., Proc. of the ASCE, 111(7):1427-1449.
Lofti, H.R. and Shing, P.B. (1991). “An Appraisal of Smeared Crack Models for Masonry
Shear Wall Analysis.” Computers and Structures, vol. 41, no. 3.
Lubliner, J., Oliver, J., Oller, S., and Oñate, E. (1989). “A Plastic-Damage Model for
Concrete,” International Journal of Solids and Structures, vol. 25, pp. 299–329.
Lumantarna, R., Biggs, D., and Ingham, J. (2014). ”Compressive, Flexural Bond, and Shear
Bond Strengths of In Situ New Zealand Unreinforced Clay Brick Masonry
Constructed Using Lime Mortar between the 1880s and 1940s.” J. Mater. Civ.
Eng., 26(4), 559–566.
Ma, S.M., Bertero, V.V., and Popov, E.P. (1976). “Experimental and analytical studies on
hysteretic behavior of reinforced concrete rectangular and T-beams.” Rep. EERC
76-2, Earthquake Engineering Research Center, University of California,
Berkeley, CA.
Malm, R. and Holmgren, J. (2008). “Cracking in deep beams owing to shear loading. Part
2: Non-linear analysis.” Magazine of Concrete Research, Vol. 60, No. 5, 381-388.
Mander, J.B., Nair, B., Wojtkowski, K., and Ma, J. (1993). “An Experimental Study on the
Seismic Performance of Brick-Infilled Steel Frames with and without Retrofit.”
Technical Report NCEER-93-0001.
MATLAB R2012a (2012). The MathWork, Inc.

152
Mehrabi, A.B., Shing, P.B., Schuller, M.P., and Noland, J. L. (1994). “Performance of
masonry-infilled RIC frames under in-plane lateral loads.” Rep. CU/SR-94-6,
Dept. of Civ., Envir.and Arch. Engrg., Univ. of Colorado, Boulder, CO.
Mehrabi, A.B., Shing, P.B., Schuller, M.P., and Noland, J. L. (1996). “Experimental
evaluation of masonry-infilled RC frames.” J. of Structural Eng., Proc. of the
ASCE, 122(3):228-237.
Mehrabi, A.B. and Shing, P.B. (1997). “Finite Element Modeling of Masonry-Infilled
Reinforced Concrete Frames.” Journal of Structural Engineering, vol. 123, no. 5.
Moghaddam, H.A, Dowling, P.J. (1988). “Earthquake Resistant Design of Brick Infilled
Frames.” Proceeding of Eighth International Brick and Block Masonry
Conference, Dublin, pp 774-784.
O’Brien, P., Eberhard, M., Haraldsson, O., Irfanoglu, A., Lattanzi, D., Lauer, S., and Pujol,
S. (2011). “Measures of the seismic vulnerability of reinforced concrete buildings
in Haiti.” Earthquake Spectra, 27(S1): 373-386.
Pacific Earthquake Engineering Research Center: NGA Database (2014). Retrieved from
http://peer.berkeley.edu/nga/earthquakes.html
Panthaki, F.D. (1991). “Low Cyclic Fatigue Behavior of High Strength and Ordinary
Reinforcing Steels.” MS Thesis, State University of New York, Buffalo, N.Y.
Park, R. (1989). “Evaluation of Ductility of Structures and Structural Assemblages from
Laboratory Testing.” Bulletin of the New Zealand National Society for
Earthquake Engineering, Vol. 22, No. 3.
Paulay, T. and Priestly, M. J. N. (1992). “Seismic Design of Reinforced Concrete and
Masonry Buildings.” John Wiley & Sons, Inc, New York.
Polyakov, S. V. (1956). “Masonry in framed buildings.” National Lending Library for
Science and Technology, Boston.
Popovics, S. (1973). "A numerical approach to the complete stress-strain curves of
concrete." Cement and Concrete Research, 3(5), 583-599.
Qaisar Ali, Yasir Irfan Badrashi, Naveed Ahmad, Bashir Alam, Shahzad Rehman, and
Farhat Ali Shah Banori (2012). “Experimental Investigation on the
Characterization of Solid Clay Brick Masonry for Lateral Shear Strength
Evaluation.” International Journal of Earth Sciences and Engineering, ISSN
0974-5904, Volume 05, No. 04.

153
Richart, F. E., Brandtzaeg, A., and Brown, R. L. (1928). “A study of the failure of concrete
under combined compressive stresses.” Bulletin 185, Univ. of Illinois
Engineering Experimental Station, Urbana- 494 Champaign, IL.
Riddington, J.R. and Smith, S.B. (1977). “Analysis of Infilled Frames Subject to Racking
With Design Recommendations.” The Structural Engineer, vol. 55, no. 6.
Roger, T.H. and Cluff, L.S. (1979). “The May 1976 friuli earthquake (Northeastern Italy)
and interpretations of past and future seismicity.” Tectonophysics, Volumn 52,
Issue 1-4, pages 521-532.
Schmidt, T. (1989). “Experiments on the nonlinear behavior of masonry infilled reinforced
concrete frames.” Darmstadt Concrete, Annual Journal on Concrete and
Concrete Structures, Vol. 4, Darmstadt, Germany.
Smith, B. S. (1966). “Behavior of square infilled frames.” J. of the Structural Division,
Proc. of the ASCE, ST1, 92(1):381-403.
Smith, B. S. (1967). “Methods for predicting the lateral stiffness and strength of multistory infilled frames.” Building Science, Vol. 2, Pergamon Press, Great Britain,
247-257.
Smith, B.S. and Carter, C. (1969). “A Method of Analysis for Infilled Frames.”
Proceedings of the Institution of Civil Engineers, vol. 44, paper 7218.
Smith, B. S. and Coull, A. (1991). “Tall building structures; Analysis and design.” John
Wiley & Sons, Inc, New York.
Smolira, M. (1973). “Analysis of Infilled Shear Walls.” Proceedings of the Institution of
Civil Engineers, part 2, vol. 55, paper 7672.
Stavridis, A. (2009). “Analytical and experimental study of seismic performance of
reinforced concrete frames infilled with masonry walls.” Ph.D. Thesis, Univ. of
California, San Diego, CA.
Stavridis, A. and Shing, P. B. (2010). “Finite-element modeling of nonlinear behavior of
masonry-infilled RC frames.” J. of Structural Eng., Proc. of the ASCE,
136(3):285-296.
Thorenfeldt, E., Tomaszewicz, A., and Jensen, J.J. (1987). "Mechanical properties of highstrength concrete and application in design." Proc. of the Symposium on
Utilization of High-Strength Concrete, Tapir, Trondheim, Norway, 149-159.
Tsai, W. T. (1988). “Uniaxial compressional stress-strain relation of concrete.” J. of
Structural Engineering, 114(9):2133-2136.

154
Van der Pluijm, R. (1992). “Material Properties of Masonry and its Components under
Tension and Shear.” Proceedings of the 6th Canadian Masonry Symposium,
Saskatoon, Canada, pp. 675-686.
Veletsos, A. S. and Newmark, N. M. (1960). “Effects of inelastic behavior on the response
of simple system to earthquake motions.” Proceedings of the 2nd world
conference on Earthquake Engineering, Japan, 2, 895-912.
Yorulmaz, M. and Sozen, M. A. (1968). “Behavior of Single-Story Reinforced Concrete
Frames with Filler Walls.” University of Illinois, Civil Engineering Studies,
Structural Research Series No. 337, Urbana.
Zovkic, J., Sigmund, V., Guljas, I. (2013). “Cyclic Testing of Reinforced Concrete Frames
with Various Types of Masonry Infill.” Earthquake Engng Struct. Dyn,
42(8):1131-1149.

APPENDICES

155
Appendix A

Failure Mode Patterns

One of the objectives of this study is to identify the failure mode of an RC frame when
infilled with masonry walls. The shear type of failure should be avoided during design
since the axial capacity of the frame might be totally lost during severe ground shaking.
How severe should an earthquake be to cause shear failure (for infilled RC frames
vulnerable to fail at least in shear in one column) is defined in chapter 5. In chapter 3, the
identification of the column vulnerability to failure is presented. All of the specimens
considered for this failure mode identification are summarized here.

A.1 Mehrabi (1996)
Six specimens tested by Mehrabi (1994) subjected to cyclic loadings are considered in this
study for failure mode identification. These specimens were selected as a combination of
one of three types of RC frames infilled with one of two types of infill walls (Table A.1).
The RC frame types were defined in terms of the design procedure for lateral loading,
namely; a weak RC frame designed for wind pressure of 26 psf and an aspect ratio of 0.67,
a weak RC frame designed for wind pressure of 26 psf and an aspect ratio of 0.48, and a
strong RC frame designed for seismic loadings applied as an equivalent static loads for
seismic zone 4 (high seismic hazard) and an aspect ratio of 0.67. The infill wall types were
defined as; an infill wall composed from hollow brick units and mortar applied around the
net area and an infill wall composed from solid brick units and mortar applied along total
area. The shear mode of failure of at least one column was observed in the weak frames
infilled with the solid brick wall for both aspect ratios while all columns of the other
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specimens failed in flexure. The failure pattern for all specimens are shown in Fig. A.1
through Fig. A.6.

A.2 Al-Chaar (1998)
Two specimens tested by Al-Chaar (1998) were subjected to monotonic loading and
considered as one of the specimens used for failure mode identification in this study. The
RC frame type used for the two specimens was designed for ACI 318-51 (1951) so
designated as a non-ductile RC frame. Two types of infill walls were considered; clay brick
wall and concrete brick wall. The shear failure was observed in the RC frame infilled with
the concrete brick wall. The failure pattern for the two specimens are shown in Fig. A.7
and Fig. A.8.

A.3 Stavridis (2009)
One small-scale RC frame with a solid infill wall tested at the Blume Center at Stanford
University and one large-scale RC frame with a solid infill wall (CU1) tested at the NEES
facility at University of Colorado at Boulder are also considered here as two of the
specimens used for failure mode identification. Non-ductile RC frames were designed
according to ACI 1936. The infill wall is built from solid clay brick units. Both specimens
had a shear type of failure. The failure pattern for the two specimens are shown in Fig. A.9
and Fig. A.10.
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A.4 Zovkic et al. (2013)
Three specimens tested by Zovkic et al. (2013) were subjected to cyclic loading and
considered among of the specimens used in this study for failure mode identification. The
RC frame were designed for seismic loads. Three types of infill walls were considered,
namely; a high strength hollow clay brick wall, a medium strength hollow clay brick wall,
and a low strength lightweight Aerated Autoclaved concrete brick wall. No shear failure
was observed and the failure pattern for the three specimens are shown in Fig. A.11 through
Fig. A.13.

158

Table A. 1: Specimens tested by Mehrabi et al. (1994) and used for failure mode
identification
Specimen ID
RC Frame Type
Infill Wall Type
Failure Type
Spec. 4

Weak (0.67*)

Hollow

Flex.

Spec. 5

Weak (0.67)

Solid

Shear

Spec. 6

Strong (0.67)

Hollow

Flex.

Spec. 7

Strong (0.67)

Solid

Flex.

Spec. 10

Weak (0.48)

Hollow

Flex.

Spec. 11

Weak (0.48)

Solid

Shear

*Aspect ratio (height/length).
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Figure A.1: Failure pattern of specimen 4 tested by Mehrabi et al. (1994)

Figure A.2: Failure pattern of specimen 5 tested by Mehrabi et al. (1994)
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Figure A.3: Failure pattern of specimen 6 tested by Mehrabi et al. (1994)

Figure A.4: Failure pattern of specimen 7 tested by Mehrabi et al. (1994)
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Figure A.5: Failure pattern of specimen 10 tested by Mehrabi et al. (1994)

Figure A.6: Failure pattern of specimen 11 tested by Mehrabi et al. (1994)
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Figure A.7: Failure pattern of Model 2 tested by Al-Chaar (1998)

Figure A.8: Failure pattern of Model 3 tested by Al-Chaar (1998)
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Figure A.9: Failure pattern of a small scale specimen tested by Stavridis (2009)

Figure A.10: Failure pattern of specimen CU1 tested by Stavridis (2009)
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Figure A.11: Failure pattern of Model 3 tested by Zovkic et al. (2013)

Figure A.12: Failure pattern of Model 4 tested by Zovkic et al. (2013)
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Figure A. 13: Failure pattern of Model 8 tested by Zovkic et al. (2013)
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Appendix B

MATLAB Code for Backbone Curve

MATLAB R2012a (MATLAB, 2012) is a programming language with an interactive
environment to analyze data, develop algorithms, and create models and applications. The
built-in functions enable coding complex algorithms and reach the solution in a fast manner,
particularly when precompiled, compared to spreadsheets and traditional programming
languages.

In this Study, MATLAB R2012a is used to code the backbone curve proposed in chapter
3. The code prepared to solve for the backbone curve for shear failure is given in section
B.1. The code written to develop the backbone curve for flexure failure is given in section
B.2. The hysteresis model proposed in chapter 4 is also coded using MATLAB R2012a but
not provided here because of its size.

B.1 MATLAB Code for Backbone Curve of Shear-Critical Infilled RC Frame
%Mehrabi-Spec.5
%Units in "kips" and "in".
%---------------------------------------------------------------------%Primary Curve Development
%---------------------------------------------------------------------clear all
%Vertical applied load
P=66; % Vertical applied load
g=386.0886; % acceleration of gravity (in/s^2)
mass=P/g; % mass lumped at the beam level
%Materials properties
fc=3.95; % the characteristic compressive strength of concrete
fy=71.8; % the yield strength of longitudinal reinforcing bars
fyv=53.3; % the yield strength of the transverse reinforcement
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fm=2.1; % the compressive strength of masonry prism
Ec=3580; % the modulus of elasticity of the frame’s column
Es=29000; % the modulus of elasticity of the longitudinal reinforcing steel
Ew= 1298; % the modulus of elasticity of infill wall
%Mortar Properties
muo=0.87; % the coefficient of friction
muor=muo*0.5; % the residual coefficient of friction
cohesion=0.05; % the shear strength with zero normal stress (known as cohesion) of
masonry
%Geometric Properties
h=60.5; % the height of the frame
L=91; % the length of the frame
hw=56; % the height of infill wall
Lw=84; % the Length of infill wall
%Columns properties
bc=7; % the width of the column
hc=7; % the depth of the column
Ast=1.57; % the cross-sectional area of the longitudinal reinforcement in the column
Av=0.0982; % the area of the transverse reinforcement
s=2.5; % the spacing of transverse reinforcement
d=5.75; % the effective depth of the column
db=0.5; % the diameter of longitudinal reinforcing bars
phiY=0.0008; % curvature of the column at yielding of the longitudinal reinforcing steel
My=251; % the moment when longitudinal steel starts yielding
Mpc= 278; % the plastic moment of the column
noofbars=8; % total number of longitudinal reinforcing bars in column
noofextrembars=6; % number of longitudinal reinforcing bars located at extrem location
of column
Ac=bc*hc+Ast*(Es/Ec-1); % the cross-sectional area of transformed column (to
concrete)
Aceq=Ac*Ec/Ew; % the cross-sectional area of transformed column (to masonry)
%Wall properties
tw=3.625; % the thickness of the infill wall
Aw=tw*Lw; % the cross sectional area of the infill wall
%Development of primary curve
%Initial stiffness
Io=(bc*hc^3/12+Ast*noofextrembars/noofbars*(Es/Ec-1)*(dhc/2)^2+Ac*(hc/2+Lw/2)^2)*2+tw*Ew/Ec*Lw^3/12; % the moment of inertia of the
transformed cantilever beam
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Ic=bc*hc^3/12+Ast*noofextrembars/noofbars*(Es/Ec-1)*(d-hc/2)^2; % the moment of
inertia of the frame’s column
kfl=3*Ec*Io/h^3; % the flexural stiffness provided by the cantilever composite beam
ksh=0.4*Ew*Aw/hw; % the shear stiffness provided by the infill wall
Ko=1/(1/kfl+1/ksh); % the initial stiffness of RC frame infilled with masonry wall
%Peak strength and drift
Vpeak=(cohesion+muo*P/(Aw+2*Aceq))*Aw/(1-muo*h/(2*L));
deltaPeak= (h/2)^2*phiY/6+ h/2*db*fy*phiY/(8*6*sqrt(fc*1000))+
2*My/(Ec/2*5/6*bc*hc);
%Yield Strength and drift
Vy=2/3*Vpeak;
deltaY= Vy/Ko;
%Mechanism strength and drift
vcs=0.8*Av*fyv*d/s; % the shear strength of column provided by transverse
reinforcement
vcc=2*sqrt(fc*1000)*bc*d/1000; % the shear strength of leeward column provided by
concrete
Vcc=vcc+vcs; % the shear strength of leeward column
Vct=vcs;
Fcc=4*Mpc/h; % the shear forces at one end of column and another at mid height of
column to be in equilibrium with two hinges
Pwv=P*Aw/(Aw+2*Aceq); % the part of vertical gravity load applied to the infill wall
Pww=Vpeak*h/(2*L); % the vertical load applied to the infill wall due to lateral shear force
Pw=Pwv+Pww; % the vertical load applied to the infill wall
Pc1=(P-Pwv)/2; % the axial load applied to leeward column
Vwr=(muor*P/(Aw+2*Aceq))*Aw/(1-muor*h/(2*L)); % the residual shear strength of
infill wall
Vsh=min(Vwr+Vct+Fcc,Vwr+Vct+Vcc); % to select the least mechanism
variable=-Vsh*h/L/2+Pc1;
vct=2*(1+variable*1000/(500*bc*hc))*sqrt(fc*1000)*bc*d/1000; % the shear strength of
windward column provided by concrete
Vct=vct+vcs; % the shear strength of windward column
Vsh2=min(Vwr+Vct+Fcc,Vwr+Vct+Vcc);
for j=1:1:10
if (variable>0)
break
else
if(abs(Vsh2-Vsh)>0.01)
variable=-Vsh2*h/L/2+Pc1;
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vct=2*(1+variable*1000/(500*bc*hc))*sqrt(fc*1000)*bc*d/1000;
Vct=vct+vcs;
Vsh=Vsh2;
Vsh2=min(Vwr+Vct+Fcc,Vwr+Vct+Vcc);
else
Vsh=Vsh2;
break
end
end
end
%Residual shear strength
Awr=(Lw-hw)*tw; % the residual cross sectional area of the infill wall
Aceqr=0.7*Aceq; % the residual cross sectional area of the transformed column
Vwrr=(muor*P/(Awr+2*Aceqr))*Awr/(1-muor*h/(2*L)); % the residual shear strength
of infill wall
Pwvr=P/(Awr+2*Aceqr)*Awr; % the residual part of vertical gravity load applied to the
infill wall
Pc1r=(P-Pwvr)/2; % the residual axial load applied to the column
vcc=2*(1+Pc1r/(2000*bc*hc*0.7))*sqrt(fc*1000)*bc*d/1000;
Vcc=vcc+vcs;
maxshear=[Vcc;Fcc];
rho=Av/(bc*s); % the transverse reinforcement ratio
nu=max(maxshear)/(bc*d); % the maximum shear stress in column
deltaSH=(3/100+4*rho-(1/500)*nu*1000/sqrt(fc*1000)-Pc1r/(40*bc*hc*fc))*(h/2-(hhw)); % the lateral drift at mechanism strength
Vres=Vwrr+Vcc+vcs;
deltafinal=1.5;
%Plot Primary curve
X=[-deltafinal,-deltaSH,-deltaSH,-deltaPeak,deltaY,0,deltaY,deltaPeak,deltaSH,deltaSH,deltafinal];
Y=[-Vres,-Vres,-Vsh,-Vpeak,-Vy,0,Vy,Vpeak,Vsh,Vres,Vres];
primary=[X;Y]';
plot(X,Y,'-gs',...
'LineWidth',4,...
'MarkerSize',3,...
'MarkerEdgeColor','g',...
'MarkerFaceColor',[0.5,0.5,0.5])
set(gca,'fontsize',18)
axis([-1.5,1.5,-80,80])
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grid on
hold all

B.2 MATLAB Code for Backbone Curve of Flexure-Critical Infilled RC Frame
%Mehrabi-Spec.4
%Units in "kips" and "in".
%---------------------------------------------------------------------%Primary Curve Development
%---------------------------------------------------------------------clear all
%Vertical applied load
P=66; % Vertical applied load
g=386.0886; % acceleration of gravity (in/s^2)
mass=P/g; % mass lumped at the beam level
%Materials properties
fc=3.95; % the characteristic compressive strength of concrete
fy=71.8; % the yield strength of longitudinal reinforcing bars
fyv=53.3; % the yield strength of the transverse reinforcement
fm=2.1; % the compressive strength of masonry prism
Ec=3580; % the modulus of elasticity of the frame’s column
Es=29000; % the modulus of elasticity of the longitudinal reinforcing steel
Ew= 610; % the modulus of elasticity of infill wall
%Mortar Properties
muo=0.87; % the coefficient of friction
muor=muo*0.5; % the residual coefficient of friction
cohesion=0.05; % the shear strength with zero normal stress (known as cohesion) of
masonry
%Structure Dimensions
h=60.5; % the height of the frame
L=91; % the length of the frame
hw=56; % the height of infill wall
Lw=84; % the Length of infill wall
%Columns properties
bc=7; % the width of the column
hc=7; % the depth of the column
Ast=1.57; % the cross-sectional area of the longitudinal reinforcement in the column
Av=0.0982; % the area of the transverse reinforcement
s=2.5; % the spacing of transverse reinforcement
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d=5.75; % the effective depth of the column
db=0.5; % the diameter of longitudinal reinforcing bars
phiY=0.00085; % curvature of the column at yielding of the longitudinal reinforcing steel
Mpc= 333; % the plastic moment of the leeward column
Mpt1=283; % the plastic moment of the windward column for mechanism #1
Mpt2=303; % the plastic moment of the windward column for mechanism #2
Mpt3=284; % the plastic moment of the windward column for mechanism #3
noofbars=8; % total number of longitudinal reinforcing bars in column
noofextrembars=6; % number of longitudinal reinforcing bars located at extrem location
of column
Ac=bc*hc+Ast*(Es/Ec-1); % the cross-sectional area of transformed column (to
concrete)
Aceq=Ac*Ec/Ew; % the cross-sectional area of transformed column (to masonry)
%Wall properties
tw=1.31; % the thickness of the infill wall
Aw=tw*Lw; % the cross sectional area of the infill wall
%Develop primary curve
%Initial stiffness
Io=(bc*hc^3/12+Ast*noofextrembars/noofbars*(Es/Ec-1)*(dhc/2)^2+Ac*(hc/2+Lw/2)^2)*2+tw*Ew/Ec*Lw^3/12; % the moment of inertia of the
transformed cantilever beam
Ic=bc*hc^3/12+Ast*noofextrembars/noofbars*(Es/Ec-1)*(d-hc/2)^2; % the moment of
inertia of the frame’s column
kfl=3*Ec*Io/h^3; % the flexural stiffness provided by the cantilever composite beam
ksh=0.4*Ew*Aw/hw; % the shear stiffness provided by the infill wall
Ko=1/(1/kfl+1/ksh); % the initial stiffness of RC frame infilled with masonry wall
%for peak strength and drift
w=(0.95*h*Lw/sqrt(Lw^2+hw^2))/sqrt(rk); % strut width
A=h*(hw/Lw)^2/(Ac*Ec); % flexibility of column
B=sqrt(Lw^2+hw^2)/(w*tw*Ew*(Lw/sqrt(Lw^2+hw^2))^2); % flexibility of strut
Ks=1/(A+B); % stiffness of infilled frame
%for mechanism strength and drift
vcs=0.8*Av*fyv*d/s; % the shear strength of column provided by transverse
reinforcement
vcc=2*sqrt(fc*1000)*bc*d/1000; % the shear strength of leeward column provided by
concrete
Vcc=vcc+vcs; % the shear strength of leeward column
Vct=vcs;
% for flexure mechanisms

172
Pwv=P*Aw/(Aw+2*Aceq); % the part of vertical gravity load applied to the infill wall
Pc1=(P-Pwv)/2; % the axial load applied to leeward column
Vw=(muo*P/(Aw+2*Aceq))*Aw/(1-muo*h/(1*L)); % the shear strength of infill wall
Vwr=(muor*P/(Aw+2*Aceq))*Aw/(1-muor*h/(1*L)); % the residual shear strength of
infill wall
%Mechanism #1
Fcc1=2*Mpc/h; % the shear forces at the ends of column to be in equilibrium with two
hinges
Fct1=2*Mpt1/h; % the shear forces at the ends of column to be in equilibrium with two
hinges
Vsh1=Vwr+Fcc1+Fct1;
Vpeak1=Vw+Fcc1+Fct1;
variable11=-Vpeak1*h/L+Pc1;
variable12=-Vsh1*h/L+Pc1;
%Mechanism #2
Fcc2=4*Mpc/h;
Fct2=4*Mpt2/h;
Vw2=(muo*P/(Aw+2*Aceq))*Aw/(1-muo*h/(2*L));
Vwr2=(muor*P/(Aw+2*Aceq))*Aw/(1-muor*h/(2*L));
Vsh2=Vwr2+Fcc2+Fct2;
Vpeak2=Vw2+Fcc2+Fct2;
variable21=-Vpeak2*h/L/2+Pc1;
variable22=-Vsh2*h/L/2+Pc1;
%Mechanism #3
Fcc3=2*Mpc/h;
Fct3=4*Mpt3/h;
Vsh3=Vwr+Fcc3+Fct3;
Vpeak3=Vw+Fcc3+Fct3;
variable31=-Vpeak3*h/L+Pc1;
variable32=-Vsh3*h/L+Pc1;
%Peak and mechanism drifts and strengths
Vshm=[Vsh1,Vsh2,Vsh3];
Vpeakm=[Vpeak1,Vpeak2,Vpeak3];
Vsh= min(Vshm);
Vpeak= min(Vpeakm);
deltaPeak=Vpeak/Ks;
deltaSH=0.02*h;
%Yield Strength and drift
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Vy=2/3*Vpeak;
deltaY= Vy/Ko;
%plot Primary curve
X=[-deltaSH,-deltaPeak,-deltaY,0,deltaY,deltaPeak,deltaSH];
Y=[-Vsh,-Vpeak,-Vy,0,Vy,Vpeak,Vsh];
primary=[X;Y]';
plot(X,Y,'-gs',...
'LineWidth',4,...
'MarkerSize',3,...
'MarkerEdgeColor','g',...
'MarkerFaceColor',[0.5,0.5,0.5])
set(gca,'fontsize',18)
axis([-2,2,-80,80])
grid on
hold all
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Appendix C

MATLAB Code for Dynamic Equilibrium

The procedures to solve the dynamic equilibrium equation and defined in section 5.1 is
coded in MATLAB and used in chapter 5 for seismic assessment of RC frames infilled
with masonry walls and vulnerable to fail by shear. The main code file that solves the
dynamic equilibrium is provided in section C.1. The dynamic response of specimens
considered for seismic assessment are discussed in section C.2.

C.1 Dynamic Equilibrium
The equation of motion defined in Eq. (5-3) is solved based on central difference method.
The initial drift and velocity are set to zero. The initial relative acceleration of mass is
assumed to equal the negative of the initial ground acceleration. The drift of the mass at
the end of the first step is estimated as:
     

 

( C-1 )



where  is the time step size.
At drift , the restoring force is estimated based on the rules defined in chapter 4. The
subsequent drift at each point along the path motion is evaluated as
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and the relative acceleration and velocity are calculated from
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For stability and convergence of this numerical method:
 



where T is the fundamental period
The dynamic equilibrium procedures is coded as follows:
%---------------------------------------------------------------------%Main code to solve "DYNAMIC EQUILIBRIUM EQUATION" of RC frame infilled
%with masonry wall
%RC frame infilled with masonry wall is modeled as single degree of freedom
%Hystersis Model details is developed in Rabab Al Louzi thesis
%---------------------------------------------------------------------%Units are: "kips", "in", and "seconds"
%---------------------------------------------------------------------clear all; close all;
[P, dampr,damprd,damprd2, dt, fc, fy, fyv, fm, Ec, Es, Ew, muo, muor, cohesion, h, hw, L,
Lw, bc, hc, db, Ast, Av, s, d, phiY, My, Mpc, noofbars, noofextrembars,
tw]=input_infillframe; % call the values assigned to the parameters between the two
brackets from the file named input_infillframe
g=386.0886; % acceleration of gravity (in/s^2)
mass=P/g; % mass lumped at the beam level
%-----------------------------------------------------------------------------% Solve "DYNAMIC EQUILIBRIUM EQUATION"
%-----------------------------------------------------------------------------% Intial conditions:
% Initial disp., acc., and vel. =0
[gacc,T,time] = groundacc2(1); % call the initial ground acceleration (divide by “g”), the
whole duration of earthquake, and the current duration of earthquake
acc=zeros(1,T); % define a vector for the relative acc. history of SDOF system of zeros
with length equals to the whole duration of earthquake
Vel=zeros(1,T); % define a vector for the relative velocity history of SDOF system of zeros
with length equals to the whole duration of earthquake
acc(1,1)=-1*gacc*g; % define an initial relative acc. of SDOF system equal to the negative
of the initial ground acceleration
disp=zeros(1,T); % define a vector for the drift history of SDOF system of zeros with
length equals to the whole duration of earthquake
disp(1,1)=0; % define an initial drift of SDOF system of zero
disp(1,2)=disp(1,1)+acc(1,1)*(dt^2)/2;
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[deltaY,deltaPeak,deltaSH,deltafinal,Vy,Vpeak,Vsh,Vres,Vwr,Vwrr,Ko,primary]=
PrimaryModel(P, dampr, ...
dt, fc, fy, fyv, fm, Ec, Es, Ew, muo, muor, cohesion, h, hw, L, Lw, ...
bc, hc, db, Ast, Av, s, d, phiY, My, Mpc, noofbars,noofextrembars, tw); % send the
parameters required to develop the primary curve points and call them to this file
Period=2*pi/sqrt(Ko/mass);
%--------------------------------------------------------------------------------------------------------%unloading curve parameter
kyp= (Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(2*deltaY-deltaY))/(2*deltaY);
kypo= (Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(2*deltaY-deltaY))/(2*deltaY);
yy=Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(2*deltaY-deltaY);
xx=2*deltaY;
dampc=dampr*2*sqrt(kypo*mass);
Period=2*pi/sqrt(Ko/mass);
%-------------------------------------------------------------------------------------------% Initializations:
Fs=zeros(1,T); % Restoring force
Fd=zeros(1,T); % Damping force
FI=zeros(1,T); % Inertia force
py=zeros(1,T); %This variable to identify the path index
kyps=zeros(1,T); %This variable to identify the slip stiffness
vstar=zeros(1,T); %This variable to identify the shear force at overturning point of the path
xstar=zeros(1,T); %This variable to identify the drift at overturning point of the path
xs=zeros(1,T); %This variable to identify the drift where slip starts
loading_unloading_factor=zeros(1,T); %This variable to identify the a loading or an
unloading state
kypi=0;
vmin=Vwr;
Fs(1,1)=0;
py (1,1)=1;
%-------------------------------------------------------------------------------------------%solve for the restoring force at second step
if (disp(1,2) >= -1*deltaY && disp(1,2) <= deltaY)
Fs(1,2)=Ko*disp(1,2);
py (1,2)=1;
end %end of “if” statement
if (-deltaPeak < disp(1,2) && disp(1,2) < -deltaY)
Fs(1,2)=Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(disp(1,2)-deltaY);
py (1,2)=1;
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end %end of “if” statement
if (deltaPeak > disp(1,2) && disp(1,2) > deltaY )
Fs(1,2)=Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(disp(1,2)-deltaY);
py (1,2)=1;
end %end of “if” statement
if (-deltaSH <= disp(1,2) && disp(1,2) <= -deltaPeak)
Fs(1,2)=Vpeak+(Vsh-Vpeak)/(deltaSH-deltaPeak)*(disp(1,2)-deltaPeak);
py (1,2)=1;
end %end of “if” statement
if (deltaSH >= disp(1,2)&& disp(1,2) >= deltaPeak)
Fs(1,2)=Vpeak+(Vsh-Vpeak)/(deltaSH-deltaPeak)*(disp(1,2)-deltaPeak);
py (1,2)=1;
end %end of “if” statement
if (disp(1,2) > deltaSH)
Fs(1,2)=Vres;
py (1,2)=1;
end %end of “if” statement
if (disp(1,2) < -1*deltaSH)
Fs(1,2)=-1*Vres;
py (1,2)=1;
end %end of “if” statement
%--------------------------------------------------------------------------------------------------------% start loop:
for L=3:1:T
[gacc,T,time] = groundacc2(L-1);
if (L*dt>4.0)
dampc=damprd*2*sqrt(kypo*mass);
end %end of “if” statement
if (L*dt>11.0)
dampc=damprd2*2*sqrt(kypo*mass);
end %end of “if” statement
if (L*dt>14)
dampc=damprd*2*sqrt(kypo*mass);
end %end of “if” statement
disp(1,L)=-disp(1,L-2)+2*disp(1,L-1)+((-mass*gacc*g-(dampc*(disp(1,L-1)-disp(1,L2))/dt)-Fs(1,L-1))/(mass+dampc*dt/2))*dt^2;
acc(1,L-1)=(disp(1,L-2)-2*disp(1,L-1)+disp(1,L))/dt^2;
Vel(1,L-1)=(disp(1,L-1)-disp(1,L-2))/dt+acc(1,L-1)*dt/2;
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Fd(1,L-1)=dampc *Vel(1,L-1);
FI(1,L-1)=(acc(1,L-1)+g*gacc)*mass;
if disp(1,L)>=deltaSH || disp(1,L)<=-deltaSH
vmin=Vwrr;
end %end of “if” statement
maxi=max(abs(disp),[],2);
if (maxi > 2.0*deltaPeak && kypi==0)
kyp=0.5*(Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(2*deltaY-deltaY))/(2*deltaY);
end %end of “if” statement
if ((disp(1,L)>=0 && disp(1,L-1)>=0 && (disp(1,L)-disp(1,L-1))>=0) || (disp(1,L)<=0
&& disp(1,L-1)<=0 && (disp(1,L)-disp(1,L-1))<=0) || (disp(1,L)<=0 && disp(1,L-1)>=0)
|| (disp(1,L)>=0 && disp(1,L-1)<=0)) % to define loading or unloading state
loading_unloading_factor(1,L)=5;
else
loading_unloading_factor(1,L)=10;
end %end of “if” statement
[fs,vmin,py,xs,kyps,vstar,xstar,loading_unloading_factor] = HystresisModel(L,disp(1,L2),disp(1,L-1),disp(1,L),Fs(1,L-1),loading_unloading_factor, py, xs, kyps, vstar, xstar,
deltaY, deltaPeak, deltaSH, Vy, Vpeak, Vsh, Vres, Vwr, Vwrr, kyp, vmin, Ko); % send
the parameters required to estimate the restoring force at this step time and call them to this
file
Fs(1,L)=fs;
if (maxi > deltaSH )
kyp=0.25*(Vy+(Vpeak-Vy)/(deltaPeak-deltaY)*(2*deltaY-deltaY))/(2*deltaY);
kypi=1;
end %end of “if” statement
end %end of “for” loop
C.2 Dynamic Response
The dynamic response includes the drift history, the relative velocity history, and absolute
acceleration history for the specimens used for seismic assessment under the scaled Friuli
earthquake until SDS is reached. The dynamic response are shown in Fig. C.1 through Fig.
C.4.

179
1

Drift (in)

0.5
0
-0.5
-1

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

Abs. Acc.(in/s2)

Rel. Vel.(in/s)

20
10
0
-10
-20

400
200
0
-200
-400

Time (s)

Figure C. 1: Calculated dynamic response of spec5 tested by Mehrabi et al. (1994)
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Figure C. 2: Calculated dynamic response of spec11 tested by Mehrabi et al. (1994)
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Figure C. 3: Calculated dynamic response of small scale specimen tested by Stavridis
(2009).
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Figure C. 4: Calculated dynamic response of specimen CU1 tested by Stavridis (2009).
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Appendix D

ABAQUS Parameters and Results

ABAQUS is an environment that provide the interface to create models, define analysis
procedures, and show results. Jobs are submitted to the Coates computer cluster at Purdue
University and the script file limited the number of (cpus) to 32 with an average running
time of 32 hours for cyclic loading and 12 hours for monotonic loading.

For this study, the material parameters used to model the frame concrete, longitudinal steel
reinforcement, transverse steel reinforcement, and bricks are given in section D.1. The
mortar joints properties are given in section D.2. The results from analyzing the specimens
described in Table 6.1 are shown in section D.3.

D.1 Material Parameters

** Generated by: Abaqus/CAE 6.11-1
** MATERIALS
**
*Material, name=BRICK
*Density
2.15547e-06,
*Elastic
1965., 0.2
*Concrete Damaged Plasticity
18., 0.1, 1.16, 0.666667, 0.001
*Concrete Compression Hardening
0.396,
0.
0.905, 0.00034
1.353, 0.00067
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1.715, 0.00101
1.978, 0.00134
2.146, 0.00168
2.235, 0.00201
2.26, 0.00235
2.162, 0.00255
1.958, 0.00289
1.74, 0.00324
1.53, 0.00358
1.339, 0.00392
1.17, 0.00426
0.7, 0.00475
0.3, 0.00525
0.2, 0.00625
0.1, 0.00725
*Concrete Tension Stiffening, type=DISPLACEMENT
0.291, 0.
0.216, 0.0003
0.159, 0.0006
0.118, 0.0009
0.087, 0.0012
0.065, 0.0015
0.039, 0.002
0.017, 0.0028
0.008, 0.0036
0.003, 0.0044
0., 0.0052
*Concrete Compression Damage, tension recovery=0.8.
0.,
0.
0., 0.00034
0., 0.00067
0., 0.00101
0., 0.00134
0., 0.00168
0., 0.00201
0., 0.00235
0.022, 0.00255
0.067, 0.00289
0.115, 0.00324
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0.162, 0.00358
0.204, 0.00392
0.241, 0.00426
0.345, 0.00475
0.434, 0.00525
0.456, 0.00625
0.478, 0.00725
*Concrete Tension Damage, type=DISPLACEMENT, compression recovery=0.5
0., 0.
0.234, 0.0003
0.408, 0.0006
0.536, 0.0009
0.631, 0.0012
0.701, 0.0015
0.779, 0.002
0.846, 0.0028
0.876, 0.0036
0.889, 0.0044
0.9, 0.0052
*Material, name=CONCRETE
*Density
2.23e-06,
*Elastic
3180., 0.2
*Concrete Damaged Plasticity
18., 0.1, 1.16, 0.67, 0.001
*Concrete Compression Hardening
1.886,
0.
3.164, 0.00055
4.039, 0.00109
4.452, 0.00164
4.386, 0.00219
3.953, 0.00273
3.343, 0.00328
2.434, 0.0041
1.486, 0.00527
0.927, 0.00644
0.603, 0.00761

185
0.29, 0.00996
0.159, 0.0123
0.096, 0.01464
0.069, 0.0164
*Concrete Tension Stiffening
0.4016,
0.
0.3973, 1e-05
0.3851, 2e-05
0.3668, 3e-05
0.3441, 4e-05
0.319, 5e-05
0.2928, 6e-05
0.2422, 8e-05
0.1977, 0.0001
0.1608, 0.00012
0.1312, 0.00014
0.0811, 0.00019
0.0528, 0.00024
0.0255, 0.00034
0.0141, 0.00044
0.0086, 0.00054
0.0056, 0.00064
0.0038, 0.00074
*Concrete Compression Damage, tension recovery=0.8.
0.,
0.
0., 0.00055
0., 0.00109
0., 0.00164
0.015, 0.00219
0.112, 0.00273
0.249, 0.00328
0.453, 0.0041
0.666, 0.00527
0.792, 0.00644
0.864, 0.00761
0.935, 0.00996
0.964, 0.0123
0.979, 0.01464
0.985, 0.0164
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*Concrete Tension Damage, compression recovery=0.8
0.,
0.
0.011, 1e-05
0.041, 2e-05
0.087, 3e-05
0.143, 4e-05
0.206, 5e-05
0.271, 6e-05
0.397, 8e-05
0.508, 0.0001
0.6, 0.00012
0.673, 0.00014
0.798, 0.00019
0.869, 0.00024
0.937, 0.00034
0.965, 0.00044
0.979, 0.00054
0.986, 0.00064
0.99, 0.00074
*Material, name=CONFINEDCONCRETE
*Density
2.23e-06,
*Elastic
3180., 0.2
*Concrete Damaged Plasticity
18., 0.1, 1.16, 0.67, 0.001
*Concrete Compression Hardening
1.682,
0.
2.496, 0.0003
3.168, 0.00061
4.162, 0.00121
4.81, 0.00182
5.229, 0.00242
5.494, 0.00303
5.658, 0.00363
5.753, 0.00424
5.817, 0.00555
5.564, 0.00676
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5.297, 0.00797
5.039, 0.00918
4.799, 0.01039
4.579, 0.0116
4.378, 0.01281
4.195, 0.01402
4.028, 0.01523
3.876, 0.01644
3.736, 0.01765
*Concrete Tension Stiffening, type=DISPLACEMENT
0.4016, 0.
0.2844, 0.0003
0.2052, 0.0006
0.1533, 0.0009
0.1199, 0.0013
0.0982, 0.0016
0.0835, 0.0019
0.0728, 0.0022
0.0641, 0.0025
0.0565, 0.0028
0.0494, 0.0031
0.0427, 0.0035
0.0363, 0.0038
0.0302, 0.0041
0.0245, 0.0044
0.0193, 0.0047
0.0145, 0.005
0.0102, 0.0054
0.0063, 0.0057
0.003, 0.006
0., 0.0063
*Concrete Compression Damage, tension recovery=0.8.
0.,
0.
0., 0.0003
0., 0.00061
0., 0.00121
0., 0.00182
0., 0.00242
0., 0.00303
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0., 0.00363
0., 0.00424
0., 0.00555
0.044, 0.00676
0.09, 0.00797
0.134, 0.00918
0.175, 0.01039
0.213, 0.0116
0.247, 0.01281
0.279, 0.01402
0.308, 0.01523
0.334, 0.01644
0.358, 0.01765
*Concrete Tension Damage, type=DISPLACEMENT, compression recovery=0.8
0.,
0.
0.35, 7.874e-05
0.54, 0.00019685
0.72, 0.0003937
0.81, 0.00059055
0.86, 0.0007874
0.9, 0.0011811
0.93, 0.0015748
0.94, 0.0019685
0.95, 0.0023622
0.96, 0.0031496
0.97, 0.003937
*Material, name=STEEL
*Density
7.2636e-06,
*Elastic
29000., 0.3
*Plastic
60., 0.
60., 0.017
76.05, 0.039
86.44, 0.06
92.4, 0.082
95.16, 0.103
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95.96, 0.125
95.99, 0.147
95.44, 0.168
93.18, 0.19
87.97, 0.211
78.59, 0.233
*Material, name=STIRRUPS
*Density
7.38e-06,
*Elastic
29000., 0.3
*Plastic
53., 0.
53., 0.0042
54.93, 0.0051
56.73, 0.006
58.38, 0.0069
59.88, 0.0078
61.22, 0.0087
62.39, 0.0096
63.39, 0.0105
64.18, 0.0114
64.74, 0.0123
65., 0.0132
65., 0.2

D.2 Mortar Joints Parameters
**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=Cohesiveinterface
*Friction
0.87,
*Cohesive Behavior, eligibility=ORIGINAL CONTACTS
50.,25.,25.%hollow
50000.,25000.,25000.%solid
*Damage Initiation, criterion=QUADS
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0.356, 0.06, 0.06
*Damage Evolution, type=DISPLACEMENT
0.2,%hollow
0.15;%solid
*Damage Stabilization
0.001
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